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ABSTRACT - Semiconductor Strain Gauges
Piezoresistance is the change in the electrical resistance of a material 
due to the application of a strain and is employed for measuring strain.
The effect in semiconductors was reported in 1954 by Smith and it was 
mainly in America, during the following decade, that the investigation 
and development of semiconductor strain gauges took place. Recent 
literature in this sphere is somewhat scant.
This investigation examines the theoretical basis of piezoresistance 
in semiconductors, explores the manufacture and properties of semiconductor 
sprain gauges and reviews factors which influence their properties, 
such as dopant level and type. In comparison to metal foil or wire 
4  gauzes it is shown that the gauge factor of semiconductor strain gauges
is high. However, at elevated temperatures they display the following 
. undesirable features to a greater extent than metal foil or wire strain
^ " gauges :
(a) T.C.R. : temperature coefficient of resistance
(b) T.C.G.F. : temperature coefficient of gauge factor
(c) Apparent strain induced by differential thermal expansion
between the gauge and substrate
(d) A non-linear strain/resistance characteristic which varies
with temperature.
Investigations were undertaken regarding the behaviour, use and testing 
of typical semiconductor strain gauges and recommendations are made 
based upon the findings. This includes the bonding of semiconductor 
strain gauges, gauge non-linearity and gauge energization circuits. 
Studies of bridge circuits were also carried out and a special bridge/amplifier 
system, which was devised for use with semiconductor strain gauges,
I is described and assessed. Investigations of the thermal characteristics
I  are then reported and suggestions made concerning the compensation
of these effects. Following this, details of the photosensitivity 
of semiconductor strain gauges are presented. A photoconductive effect 
was detected, and the photo - transient response of typical semiconductor 
strain gauges was found to be much more marked than their static response.
In a final section two significant potential applications of semiconductor 
strain gauges are outlined:
I First, the use of semiconductor strain gauges in nuclear radiation
fields was explored. The results indicate that such an application 
is feasible. The second application is the use of semiconductor strain 
gauges, and the special bridge/amplifier unit, for condition monitoring 
of automotive engine sub-units. It was again found that this application 
proved feasible, within the particular contexts explored.
Conclusions are finally drawn concerning the relative properties of 
semiconductor and other electrical strain gauges. Consideration is 
given to possible improvements to semiconductor strain gauges, and 
suggestions are made concerning future developments and further investi­
gations arising as a result of this study.
OCTOBER, 1986
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CHAPTER 1
INTRODUCTION, THEORY AND BACKGROUND
Introduction, theory, properties and background
1 . 1  GENERAL INTRODUCTION
T h e  p i e z o r e s i s t i v e  e f f e c t  w as  i n i t i a l l y  r e p o r t e d  i n  
1856  b y  L o rd  K e l v i n [ 1 1 .  P i e z o r e s i s t a n c e  i s  t h e  c h a n g e  i n  
t h e  e l e c t r i c a l  r e s i s t a n c e  o f  a  m a t e r i a l  d u e  t o  t h e  
a p p l i c a t i o n  o f  a  s t r e s s .  The  e f f e c t  w a s  s u b s e q u e n t l y  
e m p l o y e d  a s  a  m e a n s  o f  m o n i t o r i n g  o r  m e a s u r i n g  s t r a i n  b y  
d e v i c e s  g e n e r a l l y  k now n  a s  e l e c t r i c a l  s t r a i n  g a u g e s .  S t r a i n  
may b e  s i m p l y  e x p r e s s e d  a s  d&/&, s u c h  t h a t  d i  i s  t h e  
c h a n g e  i n  t h e  o r i g i n a l  l e n g t h  £ .  I t  i s  a  d i m e n s i o n l e s s  
q u a n t i t y  a n d  i s  o f t e n  c o n v e n i e n t l y  e x p r e s s e d  a s  m i c r o s t r a i n  
o r  " y "  s t r a i n  ( w h e r e  y i s  1 0 “ ^ ) .  T h i s  i s  m e a s u r e d  i n  
t e r m s  o f  t h e  c h a n g e  i n  t h e  e l e c t r i c a l  r e s i s t a n c e  o f  t h e  
e l e c t r i c a l  s t r a i n  g a u g e  w hen  t h e  m a t e r i a l ,  o n  w h i c h  t h e  
g a u g e  i s  m o u n t e d ,  i s  s t r e s s e d .  T h e  a p p l i e d  s t r e s s  may b e  a  
s i m p l e  t e n s i o n ,  a  s h e a r  s t r e s s ,  a  h y d r o s t a t i c  p r e s s u r e  o r  a  
c o m b i n a t i o n  o f  t h e s e .
I n  t h e  l a t e  1 9 2 0 ' s  a n d  1 9 3 0 ' s  a t t e m p t s  w e r e  m ade  t o
P r o d u c e  e l e c t r i c a l  s t r a i n  g a u g e s  o f  h i g h e r  g a u g e  f a c t o r s
t h a n  m e t a l  f o i l  o r  w i r e  g a u g e s .  B a s i c a l l y ,  t h e  g a u g e
f a c t o r  k  i s  t h e  r a t i o  o f  t h e  f r a c t i o n a l  c h a n g e  i n
r e s i s t a n c e  w i t h  a p p l i e d  s t r e s s  ( w i t h  r e s p e c t  t o  t h e  i n i t i a l  
r e s i s t a n c e )  d i v i d e d  b y  t h e  s t r a i n  e ( s e e  s e c t i o n  1 . 3 ) .  
A m o n g s t  t h e s e  e a r l y  a t t e m p t s  w e r e  t h e  u s e  o f  c a r b o n  
p i l e s [2]  a n d  s t r i p s  c u t  f r o m  c a r b o n  r e s i s t o r s [ 3 ] ,  T h e s e  
w e r e  f o u n d  t o  d i s p l a y  u n s a t i s f a c t o r y  z e r o  s h i f t  a n d  
h y s t e r e s i s  c h a r a c t e r i s t i c s ,  a s  w e l l  a s  a  l a r g e  v a r i a t i o n  o f  
r e s i s t a n c e  w i t h  t e m p e r a t u r e  c h a n g e .
I n  1 9 5 4  t h e  p i e z o r e s i s t i v e  e f f e c t  i n  t h e
s e m i c o n d u c t o r  m a t e r i a l s  s i l i c o n  a n d  g e r m a n i u m  w as  r e p o r t e d  
b y  S m i t h ^ ^ ] *  E x p l a n a t i o n s  o f  t h e  e f f e c t  w e r e  i n i t i a l l y
given b y  Herring [ 5 ] ,  Eisner [ G ] ,  Herring and V o g t f ^ ]  M o r i n
e t  a l J G ] ^  M a s o n  a n d  T h u r s t o n a m o n g s t  o t h e r s .  S t u d i e s
l e a d i n g  t o  t h e s e  d e v e l o p m e n t s  b e g a n  i n  t h e  p r e c e d i n g
d e c a d e [ 1 0 , 1 1 ] ,  H o w e v e r ,  i t  w a s  c h i e f l y  i n  A m e r i c a ,  d u r i n g
t h e  l a t e  1 9 5 0 ' s  a n d  e a r l y  1 9 6 0 ' s ,  t h a t  s t r a i n  g a u g e s
m a n u f a c t u r e d  f r o m  s e m i c o n d u c t o r  m a t e r i a l s  w e r e  i n v e s t i g a t e d
a n d  t h e i r  a p p l i c a t i o n s  e x p l o r e d  ( s e e ,  f o r  e x a m p l e .
M a s o n [ 1 2 , 1 3 ] ^  G e y l i n g  a n d  F o r s f [ 1 4 ] ,  V o g t [ 1 5 , 1 6 ]  a n d
o t h e r s [ 1 7 ] ) .  T h e s e  g a u g e s  w e r e  f o u n d  t o  h a v e  s i g n i f i c a n t l y  
1 ^ ^ 9 ^ r  g a u g e  f a c t o r s  t h a n  m e t a l  f o i l  o r  w i r e  g a u g e s .  
N e v e r t h e l e s s ,  a s  w i l l  l a t e r  b e  d i s c u s s e d ,  a  n u m b e r  o f  
s h o r t c o m i n g s  w e r e  o b s e r v e d [ 1 8 ' 1 9 ]  c o n c e r n i n g  t h e  b e h a v i o u r  
o f  s e m i c o n d u c t o r  s t r a i n  g a u g e s .
D u r i n g  t h e  1 9 7 0 ' s  t h e r e  w e r e  s t i l l  som e p a p e r s  
p u b l i s h e d  r e g a r d i n g  t h e  p r o p e r t i e s  a n d  a p p l i c a t i o n s  o f
s e m i c o n d u c t o r  s t r a i n  g a u g e s  ( f o r  e x a m p l e ,  [ 2 0 , 2 1 , 2 2 , 2 3 ,  
2 4 , 2 5 ] y. I n  t h e  c u r r e n t  d e c a d e  t h e r e  h a s  b e e n  l i t t l e  
p u b l i s h e d  w o r k  i n  t h i s  c o n t e x t  ( s e e  M a l l o n  e t  a l j 2 6 , 2 7 , 2 8 ]  ^
S z e [ 2 9 ] ,  K a n d a [ 2 0 ] ,  Yamada e t  a l J H ]  , B a k e r  [ 2 2 ] ,  a n d
W e l s h  e t  a l J 3 3 ] ) ,  a s  o b s e r v e d  b y  H e a r n  [ 34(ajl , ^ a l s o  b y  
M a c k i n n o n  [ 24(b)],  som e d e v e l o p m e n t s  h a v e  b e e n  r e p o r t e d ,  w i t h  
r e g a r d  t o  t h e  r e l a t e d  a r e a  o f  p i e z o r e s i s t a n c e  i n  p o l y ­
c r y s t a l l i n e  s i l i c o n ,  b y  S e t o [ 2 5 ] ,  N i s h i d o n  e t  a l . [ 5 6 ]  , 
G e r m e r  a n d  T o d t [ 5 7 ]  a n d  F r e n c h  a n d  E v a n s [ 3 8 ] .  H o w e v e r ,
t h i s  s p e c i a l i z e d  a r e a  i s  o u t s i d e  t h e  c o n c e r n  o f  t h i s  s t u d y .  
I t  i s  a g a i n s t  t h e  b a c k g r o u n d  o u t l i n e d  h e r e  t h a t  t h i s
i n v e s t i g a t i o n  w a s  u n d e r t a k e n .
1 . 2 .  AIMS AND OVERVIEW OF THE INVESTIGATION
I t  i s  i n t e n d e d  t h a t  w h i l e  t h e  p r i n c i p l e s ,  b e h a v i o u r  
a n d  a p p l i c a t i o n s  o f  s e m i c o n d u c t o r  s t r a i n  g a u g e s  w i l l  b e  
c o n s i d e r e d  i n  d e p t h ,  a  b r o a d  p i c t u r e  o f  t h e s e  k e y  a s p e c t s  
s h o u l d  a l s o  e m e r g e .  C o n s e q u e n t l y ,  f o l l o w i n g  a  d i s c u s s i o n  
o f  a p p r o p r i a t e  b a c k g r o u n d  t h e o r y ,  a n  o u t l i n e  o f  t h e  
r e l e v a n t  p r o p e r t i e s  o f  s i l i c o n  a n d  g e r m a n i u m  i s  p r e s e n t e d .  
T h e n  s e m i c o n d u c t o r  s t r a i n  g a u g e  m a n u f a c t u r e  a n d  g e n e r a l  
p r o p e r t i e s  a r e  d e t a i l e d  a n d  d i s c u s s e d .  N e x t  t h e  t h e o r y  o f  
p i e z o r e s i s t a n c e  i n  s e m i c o n d u c t o r s  i s  c o n s i d e r e d  i n  d e t a i l .
i n  o r d e r  t o  p r o v i d e  a  b a s i s  f o r  t h e  e x p e r i m e n t a l  
i n v e s t i g a t i o n s  w h i c h  f o l l o w .
T h e  i n v e s t i g a t i o n s  r e p o r t e d  i n v o l v e d  b o t h  a 
q u a l i t a t i v e  a n d  q u a n t i t i v e  e x a m i n a t i o n  o f  t h e  p e r f o r m a n c e ,  
p r o p e r t i e s  a n d  u s e s  o f  t y p i c a l  s e m i c o n d u c t o r  s t r a i n  g a u g e s .  
T h e y  i n c l u d e  a  s t u d y  o f  t h e  b o n d i n g  o f  g a u g e s ,  a n  
e x p l o r a t i o n  o f  t h e  l i n e a r i t y  o f  t h e i r  r e s p o n s e  a n d  f a c t o r s  
i n f l u e n c i n g  t h i s ,  t h e  t h e r m a l  p r o p e r t i e s  o f  g a u g e s  a n d  a l s o  
t h e i r  p h o t o e l e c t r i c  s e n s i t i v i t y .  M eans  o f  c o m p e n s a t i n g  f o r  
v a r i o u s  e f f e c t s  w e r e  a n a l y s e d  a n d  e x p l o r e d  s o  t h a t  
p r a c t i c a l  r e c o m m e n d a t i o n s  c o u l d  b e  m ade  r e g a r d i n g  
p a r t i c u l a r  m e a s u r e s .  S t r a i n  g a u g e  e n e r g i z i n g  c i r c u i t s ,  
b r i d g e  a n d  c o m p e n s a t i n g  c i r c u i t s  w e r e  s t u d i e d  
e x p e r i m e n t a l l y  s o  t h a t  s u g g e s t i o n s  c o u l d  b e  m a de  c o n c e r n i n g  
t h e i r  i m p r o v e m e n t  a n d  e m p l o y m e n t .  A s p e c i a l  l o w  d r i f t ,  l o w  
n o i s e  i n t e g r a t e d  l i n e a r  a m p l i f i e r  a n d  b r i d g e  s y s t e m ,  
d e v e l o p e d  f o r  u s e  w i t h  s e m i c o n d u c t o r  g a u g e s ,  w as  
c o n s t r u c t e d  a n d  i t s  p e r f o r m a n c e  e x a m i n e d .
P o t e n t i a l  a p p l i c a t i o n s  w h i c h  e x p l o i t  t h e  p r o p e r t i e s  
o f  s e m i c o n d u c t o r  s t r a i n  g a u g e s ,  a l o n g  w i t h  t h e  i n t e g r a t e d  
b r i d g e / a m p l i f i e r  s y s t e m  u s e d  i n  c o n j u n c t i o n  w i t h  t h e s e  
g a u g e s ,  w e r e  s u b s e q u e n t l y  e x p l o r e d .  One a p p l i c a t i o n  
i n v o l v e d  a  f e a s i b i l i t y  s t u d y  o f  t h e  u s e  o f  s e m i c o n d u c t o r  
s t r a i n  g a u g e s  f o r  m o n i t o r i n g  s m a l l  s t a t i c  a n d  d y n a m i c  
s t r a i n s  i n  a  n u c l e a r  r a d i a t i o n  e n v i r o n m e n t .  T h e  o t h e r
s t u d y  e x p l o r e d  t h e  p o t e n t i a l  u s e  o f  s e m i c o n d u c t o r  s t r a i n  
g a u g e s ,  f o r  t h e  " c o n d i t i o n  m o n i t o r i n g "  o f  v a r i o u s  i n t e r n a l  
c o m b u s t i o n  e n g i n e  s u b - u n i t s .  P r o p o s a l s  c o n c e r n i n g  p o s s i b l e  
a p p l i c a t i o n s  o f  s e m i c o n d u c t o r  s t r a i n  g a u g e s  a r e  
s u b s e q u e n t l y  p r e s e n t e d .
C o n c l u s i o n s ,  r e g a r d i n g  t h e  o v e r a l l  i m p l i c a t i o n s  o f  
t h e  t h e o r e t i c a l  a n d  e m p i r i c a l  e x a m i n a t i o n  o f  s e m i c o n d u c t o r  
s t r a i n  g a u g e s ,  a r i s i n g  f r o m  t h i s  i n v e s t i g a t i o n  a r e  t h e n  
d r a w n .  F i n a l l y  s u g g e s t i o n s  a r e  m ade  o f  a s p e c t s  f o r  
d e v e l o p m e n t  o r  f u r t h e r  i n v e s t i g a t i o n ,  w h i c h  h a v e  b e e n  
i d e n t i f i e d  a s  a  c o n s e q u e n c e  o f  t h i s  s t u d y .
1 . 3  BACKGROUND THEORY
T h e  e l e c t r i c a l  r e s i s t a n c e  R,  o f  a  m e t a l l i c
c o n d u c t o r ,  i s  g i v e n  b y  t h e  r e l a t i o n ;
R = P&/A 1 . 3 . 1
w h e r e  p i s  a  t h e  r e s i s t i v i t y ,  Z i s  t h e  l e n g t h  a n d  A i s  t h e
c r o s s - s e c t i o n a l  a r e a  o f  t h e  m a t e r i a l .  I n  t h e  c a s e  o f
m e t a l l i c  c o n d u c t o r s  p i s  m o r e  o r  l e s s  c o n s t a n t  f o r  a  g i v e n  
m e t a l ,  s o  R c h a n g e s  m a i n l y  w i t h  c h a n g e s  i n  Z a n d  A.
H o w e v e r ,  i n  s e m i c o n d u c t o r s  c h a n g e s  i n  p h a v e  a  d o m i n a n t
e f f e c t .  I n  t h i s  c a s e  p i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e
p r o d u c t  o f  t h e  n u m b e r  o f  c h a r g e  c a r r i e r s  n^  a n d  t h e i r
a v e r a g e  m o b i l i t y  y ^ . T h e  r e s i s t i v i t y  i s  g i v e n  b y :
p  = l / ( n ^ y ^ e )  1 . 3 . 2
e  i s  t h e  e l e c t r o n i c  c h a r g e .
H e n c e ,  t h e  e l e c t r i c a l  r e s i s t a n c e  o f  a  s e m i c o n d u c t o r  i s ;
R = p Z / k  = — 1 . 3 . 3
""c ^
= J l / ( n ^ p ^ e A )  1 . 3 . 4
i s  t h e  c o n d u c t i v i t y .
As p r e v i o u s l y  i n d i c a t e d ,  t h e  p i e z o r e s i s t i v e  e f f e c t  
i s  d e f i n e d  a s  t h e  c h a n g e  i n  t h e  e l e c t r i c a l  r e s i s t a n c e  o f  a  
m a t e r i a l  d u e  t o  a n  a p p l i e d  s t r e s s .
S i n c e ,  f o r  a  c o n d u c t o r ,  R = p Z / A ,  t h e n ,  w h e n  t h e r e  
i s  a  s t r a i n  i n d u c e d  d i m e n s i o n a l  c h a n g e  d£ i n  a n  o r i g i n a l  
d i m e n s i o n  Z,  A c h a n g e s  b y  dA;
w h e r e  dA /A  = - 2 v  ( d & / & ) .  1 . 3 . 5
H e r e  v i s  P o i s s o n ' s  r a t i o  w h i c h  i s  t h e  r a t i o  o f  t h e  
m a g n i t u d e  o f  t h e  t r a n s v e r s e  s t r a i n  t o  l o n g i t u d i n a l  s t r a i n .
T h e r e f o r e  t h e  new r e s i s t a n c e  R* i s  g i v e n  b y
R '  = P (& + d & ) ( A  + dA) 1 . 3 . 6
= ( p / A ) [ a  + â Z ] [ l  + dA/A]
= ( p / A ) [ Z  + â Z ] [ l  -  (dA/A) + ...]
= (P/A)[£ + d£][l + 2 v { â Z / Z )  + . . . ]
1 . 3 . 7
H e n c e  R* = { p / h ) Z  +  ( p / A ) [ d ^  + 2v â Z  + . . . ]  1 . 3 . 8
T h u s ,  f o r  a  c o n d u c t o r ,  t h e  c h a n g e  i n  r e s i s t a n c e  d R ,  d u e  t o  
a  s t r a i n  i n d u c e d  d i m e n s i o n a l  c h a n g e  â z , i s  t o  a  f i r s t  
o r d e r ;
dR/R = { Ô Z / Z ) { 1  + 2v) 1 . 3 . 9
I n  t h i s  e q u a t i o n  t h e  " o n e "  i s  t h e  e f f e c t  o f  t h e  i n c r e a s e  i n  
l e n g t h  o f  t h e  g a u g e .  T h e  t e r m  " 2 v "  i s  t h e  e f f e c t  o f  t h e  
l a t e r a l  c o n t r a c t i o n  o f  t h e  c r o s s - s e c t i o n a l  a r e a  d u e  t o  a
l o n g i t u d i n a l  s t r e s s
Bar  s u b g e c t t o  lo n g i tu d in a l  s t r a i n
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F ig u re  1 .  3 . 1 .
As s h o w n  i n  f i g u r e  1 . 3 . 1 ,  a p p l y i n g  a t e n s i l e  s t r e s s  
t o  a  m e t a l  b a r  i n c r e a s e s  i t s  l e n g t h  c a u s i n g  a  l o n g i t u d i n a l  
t e n s i l e  s t r a i n  a n d  r e d u c e s  t h e  c r o s s - s e c t i o n a l  a r e a
g i v i n g  r i s e  t o  a  t r a n s v e r s e  c o m p r e s s i v e  s t r a i n  e .
F o r  s m a l l  s t r a i n s  t h e  g a u g e  f a c t o r  k ,  o f  a  p i e z o ­
r e s i s t i v e  s t r a i n  g a u g e  i s  g i v e n  b y :
k = ( d R / R ) / e  1 . 3 . 1 0
T h u s  k i s  a  m e a s u r e  o f  t h e  s e n s i t i v i t y  o f  t h e  s t r a i n  g a u g e  
t o  a p p l i e d  s t r a i n .  F o r  m e t a l l i c  c o n d u c t o r s  k  g e n e r a l l y  h a s  
v a l u e s  i n  t h e  r a n g e  2 t o  4 . 5 .  From  e q u a t i o n  1 . 3 . 9  t h e  
v a l u e  a s s o c i a t e d  w i t h  g e o m e t r i c  c h a n g e s  i s  1 + 2v ( i . e .  
a b o u t  1 . 6 ) .  T h u s ,  a n o t h e r  e f f e c t  i s  a l s o  i n v o l v e d ,  n a m e l y  
t h e  e f f e c t  o f  s t r a i n  o n  r e s i s t i v i t y .
T h e  s e m i c o n d u c t o r  m a t e r i a l s  g e r m a n i u m  a n d  s i l i c o n
h a v e  t h e  s a m e  c r y s t a l  s t r u c t u r e  a s  d i a m o n d  a n d  e a c h  u n i t
c e l l  i s  s y m m e t r i c a l  a b o u t  i t s  c e n t r e .  C o n s e q u e n t l y ,
g e r m a n i u m  a n d  s i l i c o n  a r e  n o t  p i e z o e l e c t r i c  s u b s t a n c e s  a n d  
d o  n o t  g e n e r a t e  a  v o l t a g e  w h en  s t r a i n e d .  N e v e r t h e l e s s ,  
t h e y  e x h i b i t  l a r g e  p i e z o r e s i s t i v e  c o e f f i c i e n t s  i n  c e r t a i n  
d i r e c t i o n s .  T h e  r e s i s t a n c e  c h a n g e  o c c u r s  u n d e r  a l l  
c o n d i t i o n s  o f  s t a t i c  a n d  d y n a m i c  s t r a i n .  F o r  s i l i c o n  t h e  
f r a c t i o n a l  c h a n g e  o f  r e s i s t a n c e  f o r  a  g i v e n  s t r a i n  r e a c h e s  
v a l u e s  w h i c h  a r e  a b o u t  o n e  h u n d r e d  t i m e s  g r e a t e r  t h a n  a r e  
f o u n d  f o r  m e t a l s .
I n  i n t r i n s i c  s e m i c o n d u c t o r s  t h e  e f f e c t  o f  a n  a p p l i e d  
s t r e s s  i s  s u c h  t h a t  b o t h  t h e  n u m b e r  o f  c h a r g e  c a r r i e r s  a n d  
t h e i r  a v e r a g e  m o b i l i t y  c h a n g e s .  (T he  s i g n  a n d  m a g n i t u d e  o f  
t h e  c h a n g e  d e p e n d s  on  t h e  t y p e  o f  s e m i c o n d u c t o r  m a t e r i a l ,  
t h e  c a r r i e r  c o n c e n t r a t i o n  a n d  i t s  c r y s t a l l o g r a p h i c  
o r i e n t a t i o n  w i t h  r e s p e c t  t o  t h e  a p p l i e d  s t r e s s  -  a s  w i l l  
l a t e r  b e  o u t l i n e d ) .  When s u b j e c t e d  t o  a  s i m p l e  t e n s i o n  o r  
c o m p r e s s i o n ,  w i t h  t h e  c u r r e n t  t h r o u g h  t h e  m a t e r i a l  a l o n g  
t h e  s t r e s s  a x i s ,  t h e  r e l a t i v e  c h a n g e  i n  r e s i s t i v i t y  i s  
g i v e n  b y :
d p / p Q  = 1 . 3 . 1 1
(iTj  ^ i s  t h e  l o n g i t u d i n a l  p i e z o r e s i s t i v e  c o e f f i c i e n t  a n d  a 
i s  t h e  s t r e s s ) .  F o r  d i f f e r e n t  s t r e s s  s y s t e m s  s i m i l a r
e q u a t i o n s  a p p l y  b u t  w i t h  d i f f e r e n t  v a l u e s  o f  tt_ .L
T h u s ,  f o r  s e m i c o n d u c t o r s  ( a n d  m e t a l s )  t h e  g a u g e  
f a c t o r  k d o e s  n o t  s i m p l y  d e p e n d  u p o n  t h e  c h a n g e  i n  
e l e c t r i c a l  r e s i s t a n c e  d u e  t o  a n  i n d u c e d  d i m e n s i o n a l  
c h a n g e  ( 1  + 2v)  a s  g i v e n  b y  e q u a t i o n  1 . 3 . 9  b u t  a l s o ,  a n d  
f a r  m o r e  p r e d o m i n a n t l y ,  o n  t h e  c h a n g e  i n  r e s i s t i v i t y  w i t h  
s t r a i n  (ir^^E), H e n c e ,  f o r  s e m i c o n d u c t o r s  t h e  g a u g e  f a c t o r  
i s  g i v e n  b y :
k = (1  + 2v )  + (w^E) 1 . 3 . 1 2
10 '
E r e p r e s e n t s  Y o u n g ' s  m o d u l u s  f o r  t h e  s e m i c o n d u c t o r  
m a t e r i a l .
F o r  a  d o p e d *  o r  e x t r i n s i c  s e m i c o n d u c t o r  t h e  n u m b e r  
o f  c h a r g e  c a r r i e r s  n^ i s  h e l d  a t  a  f i x e d  l e v e l  b y  t h e  
d e n s i t y  o f  t h e  d o p i n g  a t o m s ,  b u t  t h e  m o b i l i t y  \ i^ c a n  
c h a n g e  w h e n  t h e  s e m i c o n d u c t o r  i s  s t r a i n e d .  A s i m p l e  v i e w  
o f  w h a t  h a p p e n s  i s  a s  f o l l o w s .  ( S e e ,  f o r  e x a m p l e  
H e r r i n g [5 ]  a n d  K e y e s
I n  k  s p a c e ,  t h e  c o n s t a n t  e n e r g y  s u r f a c e s  
c o r r e s p o n d i n g  t o  t h e  c o n d u c t i o n  b a n d  m in im u m  i n  s i l i c o n  c a n  
b e  r e p r e s e n t e d  b y  6 e l l i p s o i d s  o f  r e v o l u t i o n  a r o u n d  t h e  c o ­
o r d i n a t e  a x e s ,  a s  s h o w n  i n  f i g u r e  1 . 3 . 2 .
( s e e  f i g u r e  o v e r l e a f )
* s e e  s e c t i o n  1 . 4 .
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K.
CONSTANT ENERGY ELLIPSOID
k -  wave v e c to r
C o n s t a n t  e n e r g y  e l l i p s o i d s  f o r  e l e c t r o n s  i n  s i l i c o n
F i g u r e  1 . 3 . 2
T h e  m o t i o n  o f  e l e c t r o n s  on  e a c h  o f  t h e s e  s u r f a c e s  i s  
d e s c r i b e d  b y  a n  a n i s o t r o p i c  m a s s  t e n s o r .  S i n c e  e f f e c t i v e  
m a s s  i s  r e l a t e d  t o  e n e r g y  b a n d  c u r v a t u r e ,  i t  c a n  b e  s e e n  
f r o m  t h e  f i g u r e  t h a t  t h e  e f f e c t i v e  m a s s  o f  a  c a r r i e r  i n  o n e  
p a r t i c u l a r  m in im um  i s  low  a l o n g  t h e  c o - o r d i n a t e  a x i s  a n d  
h i g h  p e r p e n d i c u l a r  t o  i t .  H e n c e  m o b i l i t y  i s  h i g h  a l o n g  t h e  
a x i s  a n d  l o w  p e r p e n d i c u l a r  t o  i t .  When a  f i e l d  i s  a p p l i e d  
a l o n g ,  s a y ,  t h e  k ^  a x i s ,  t h e n  e l e c t r o n s  i n  t h e  x m i n i m a  
w i l l  r e s p o n d  w i t h  h i g h  m o b i l i t y ,  a n d  e l e c t r o n s  i n  t h e  y  a n d  
z m i n i m a  w i l l  r e s p o n d  w i t h  a  lo w  m o b i l i t y .  T h u s  t h e
a v e r a g e ,  m e a s u r e d  m o b i l i t y  y
t h e s e  :
o b s w i l l  b e  a n  a v e r a g e  o f
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_ 1/
o b s 3 ( P h  + 2 u^) 1 . 3 . 1 3
w h e r e  a n d  a r e  t h e  l o w  a n d  h i g h  v a l u e s  r e s p e c t i v e l y .
When s t r a i n  i s  a p p l i e d ,  t h e  e n e r g y  l e v e l s  s h i f t ,  
a n i s o t r o p i c a l l y , a n d  s o  t h e  r e l a t i v e  p o p u l a t i o n s  o f  t h e  x ,  
y  a n d  z m i n i m a  c h a n g e .  H e n c e ,  t h e  r e l a t i v e  n u m b e r  o f  
c a r r i e r s  w i t h  h i g h  o r  l o w  m o b i l i t y  c h a n g e s  a n d  s o  t h e  
a v e r a g e  m o b i l i t y  i s  d i f f e r e n t .
F i g u r e  1 . 3 . 3  sh o w s t h e  e f f e c t  f o r  s t r a i n  a n d  r e s i s t a n c e
m e a s u r e d  a l o n g  3 d i f f e r e n t  d i r e c t i o n s  i n  t h e  c r y s t a l .
Gauge 
F a c to r
Gauge
Factor
(For s i l i c o n  
a t  3 53 ,K)
200
[111]160
[ 110]
120
p - ty p e  s i l i c o n
[100]
-2 0 [111]
n - ty p e  s i l i c o n—40
10]
-6 0
[lOO]-8 0
-100 -►0.01 0.1
R e s i s t i v i t y  (f2m)
R e s i s t i v i t y  and  gauge f a c t o r  m easured 
a l o n g  d i f f e r e n t  c r y s t a l  d i r e c t i o n s  [ 4 0 ]
F i g u r e  1 . 3 . 3  
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As i l l u s t r a t e d  b y  f i g u r e  1 . 3 . 3 ,  f o r  n - t y p e  s i l i c o n  
t h e  s t r o n g e s t  e f f e c t  o c c u r s  i n  t h e  [ 1 0 0 ]  d i r e c t i o n ,  w hen  
o n e  p a i r  o f  m i n i m a  a r e  f u l l y  a f f e c t e d  a n d  t h e  o t h e r  f o u r  
( s e e  f i g u r e  1 . 3 . 2 )  a r e  n o t  a f f e c t e d .  I f  a  s t r a i n  i s
a p p l i e d  a l o n g  t h e  [1 1 1 ]  d i r e c t i o n  t h e r e  i s  v e r y  l i t t l e  
c h a n g e  i n  r e s i s t a n c e ,  a s  s y m m e t r y  n e c e s s i t a t e s ,  w h i l e  a l o n g  
t h e  [ 1 1 0 ]  d i r e c t i o n  s t r a i n  h a s  a n  i n t e r m e d i a t e  e f f e c t .  F o r  
p - t y p e  m a t e r i a l  t h e  d i r e c t i o n s  w h i c h  e x h i b i t  l o w  o r  h i g h  
s e n s i t i v i t y  a r e  d i f f e r e n t  f r o m  t h o s e  f o r  n - t y p e  m a t e r i a l .  
T h i s  i s  b e c a u s e  o f  t h e  d i f f e r e n t  s y m m e t r y  o f  t h e  v a l e n c e  
b a n d  s t r u c t u r e .  F o r  p - t y p e  s i l i c o n  t h e  g a u g e  f a c t o r  h a s  
p o s i t i v e  v a l u e s ,  w h i l e  f o r  n - t y p e  s i l i c o n  t h e  g a u g e  f a c t o r  
h a s  n e g a t i v e  v a l u e s .
F i g u r e s  1 . 3 . 4  a n d  1 . 3 . 5  s h o w  t y p i c a l  s t r a i n  
s e n s i t i v i t y  c u r v e s  f o r  p - t y p e  s i l i c o n  a n d  n - t y p e  s i l i c o n ,  
r e s p e c t i v e l y .  As c a n  b e  s e e n  f r o m  t h e s e  g r a p h s  t h e  s l o p e  
i s  n o t  c o n s t a n t ,  i n  o t h e r  w o r d s  t h e  g a u g e  f a c t o r  k ,  f o r  
s e m i c o n d u c t o r  m a t e r i a l s ,  v a r i e s  w i t h  t h e  a p p l i e d  s t r a i n  
l e v e l .  T h i s  i s  i n  m a r k e d  c o n t r a s t  w i t h  t h e  b e h a v i o u r  o f  
m e t a l  f o i l  o r  w i r e  s t r a i n  g a u g e s  ( s e e  t y p i c a l  r e s p o n s e  o f  
m e t a l  f o i l  g a u g e  s h o w n  i n  f i g u r e  1 . 3 . 4 ) .
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0 .6 p - ty p e  s i l i c o n
0 .4
(m o d era te ly  h ig h ly  doped)
0 .2
T y p ic a l  m e ta l f o i l  gauge
(x 10^)
T en s io n  (y s t r a i n )C o n p ress io n
0 .2
S t r a i n  s e n s i t i v i t y  f o r  p - ty p e  s i l i c o n  
sem ico n d u cto r s t r a i n  gauge
F ig u re  1 .  3 . 4 .
0 .6
0 .4
n - ty p e  s i l i c o n
(m o d era te ly  h ig h ly  doped)0 . 2
4 (x 10^)
T e n s io n  (y s t r a i n )
0 . 2
S t r a i n  s e n s i t i v i t y  f o r  n - t y p e  s i l i c o n
s e m i c o n d u c t o r  s t r a i n  g a u g e .
F i g u r e  1 . 3 . 5
G a u g e  f a c t o r s  f o r  s e m i c o n d u c t o r  s t r a i n  g a u g e s  a r e  
l a r g e .  F o r  e x a m p l e ,  t h e y  may b e  i n  t h e  r a n g e  + 100 t o  + 
175  f o r  g a u g e s  m a n u f a c t u r e d  f r o m  p - t y p e  s i l i c o n  a n d  f r o m  
-  100 t o  -  140 f o r  g a u g e s  m a d e  f r o m  n - t y p e  s i l i c o n .  S t r a i n  
g a u g e s  m a n u f a c t u r e d  f r o m  g e r m a n i u m  h a v e  a  g a u g e  f a c t o r  
a r o u n d  50 a n d  a r e  l e s s  common t h a n  s i l i c o n  s t r a i n  g a u g e s .  
T h e  r e l e v a n t  p r o p e r t i e s  o f  t h e s e  m a t e r i a l s  a r e  g i v e n  i n  
T a b l e  1 .
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M a t e r i a l Y o u n g ' s  M o d u l u s L o n g i t . p i e z o . c o e f f R e s i s t i v i t y
E (N/mZ) (mZ/N) P (ohm m)
SILICON
p - t y p e 1 8 . 7 X 1 0 ^ °
- 1 0
9 . 3 6  X 10 1 1 . 7 X 10 ^
n - t y p e 1 3 . 0 X 1 0 ^ °
_ 1  0
1 0 . 2 0  X 10 7 . 8 X 1 0 ” ^
GERMANIUM
p - t y p e 1 5 . 5 X 1 0 ^ ° 6 . 5 8  X 1 0 ” ^° 1 5 . 0 X 1 0 " ^
n - t y p e 1 5 . 5 X l O ^ V 1 0 . 1 0  X 1 0 ” ^° 1 6 . 6 X 1 0 ” ^
V a l u e s  a r e  f o r  l i g h t l y  d o p e d  m a t e r i a l  ( i . e .
_ 2 1  _3
a b o u t  10 a t o m s  m ) a t  l o w  l e v e l s  o f  s t r a i n .
T a b l e  1
P r o p e r t i e s  o f  s i l i c o n  a n d  g e r m a n i u m  
a t  r o o m  t e m p e r a t u r e
N . B .  The  c r y s t a l  o r i e n t a t i o n s  ( M i l l e r  i n d i c e s )  f o r  a l l  
t h e  a b o v e  v a l u e s  a r e  [1 1 1 ]  e x c e p t  f o r  n - t y p e  s i l i c o n  
w h i c h  i s  [ 1 0 0 ] .  T h e  v a l u e s  g i v e n  f o r  tt a r e  
maximum v a l u e s ,  f o r  t h e  c o n d i t i o n s  s t a t e d .  I n  o t h e r  
w o r d s ,  t h e  maximum s t r a i n  s e n s i t i v i t y  f o r  p - t y p e  
s i l i c o n  a n d  p - t y p e  a n d  n - t y p e  g e r m a n i u m  i s  i n  t h e  
[1 1 1 ]  d i r e c t i o n ,  b u t  f o r  n - t y p e  s i l i c o n  maximum 
s t r a i n  s e n s i t i v i t y  i s  i n  t h e  [ 1 0 0 ]  d i r e c t i o n  ( s e e  
f i g u r e s  1 . 5 . 2  a n d  1 . 5 . 3 ) .
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S i l i c o n  n o t  o n l y  h a s  a  h i g h  p i e z o r e s i s t i v e  
c o e f f i c i e n t  b u t  a l s o  a n  a n i s o t r o p i c  m o d u l u s  o f
L i
e l a s t i c i t y  w i t h  a maximum ( s e e  T a b l e  1)  w h i c h  i s  a l m o s t  
e q u a l  t o  t h a t  o f  s t e e l .  I n  a d d i t i o n ,  i t  h a s  a  l o w  d e n s i t y
__3
( 2 , 3 0 0  kg  m ) a n d ,  u n d e r  f a v o u r a b l e  c o n d i t i o n s ,  c a n  b e  
b e n t  t o  a  s m a l l  r a d i u s  o f  c u r v a t u r e  ( e . g .  a b o u t  2mm r a d i u s  
f o r  a  g a u g e  0 .0 1 m m  t h i c k ) .  T h u s  f l e x i b l e  s t r a i n  g a u g e s  c a n  
b e  m ade  u s i n g  s i l i c o n .
T h e  t h e r m a l  c o n d u c t i v i t y  o f  s i l i c o n  i s  q u i t e  h i g h
( a b o u t  330 Wm K ) .  I t  i s  r e l a t i v e l y  s t r o n g ,  w i t h  t h e
9
b r e a k i n g  s t r e s s  o f  t h i n  f i l a m e n t s  r e a c h i n g  a b o u t  2 x 10
2
N/m . M o r e o v e r ,  i t  e x h i b i t s  n e g l i g i b l e  m e c h a n i c a l  c r e e p  
o r  h y s t e r e s i s  ( u p  t o  a l m o s t  800K) a n d  s h o w s  n o  p l a s t i c  
d e f o r m a t i o n  p r i o r  t o  y i e l d .
T h e  f a c t  t h a t  s i l i c o n  may b e  f o r m e d  i n t o  s m a l l  
f l e x u r a l  e l e m e n t s ,  a n d  t h e  a f o r e m e n t i o n e d  p r o p e r t i e s ,  m a k e s  
i t  q u i t e  s u i t a b l e  f o r  s t r a i n  g a u g e  u s e .  H o w e v e r ,  i t  n e e d s  
t o  b e  h a n d l e d  w i t h  a  m e a s u r e  o f  c a r e  w h e n  u s e d  f o r  c e r t a i n  
s t r a i n  m e a s u r e m e n t s ,  i f  i t  h a s  no  b a c k i n g  l a y e r  t o  h e l p  
r e i n f o r c e  a n d  p r o t e c t  i t .
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1 . 4  SEMICONDUCTOR STRAIN GAUGE MANUFACTURE,
ELECTRONIC AND GENERAL PRO PERTIES.
To p r o v i d e  t h e  n e c e s s a r y  f o u n d a t i o n s  a n d  b a c k g r o u n d ,  
s o  t h a t  e x p l a n a t i o n s  may b e  p r e s e n t e d  c o n c e r n i n g  t h e
s u b s e q u e n t  i n v e s t i g a t i o n s  o f  t h e  a p p l i e d  p r o p e r t i e s  o f
s e m i c o n d u c t o r  s t r a i n  g a u g e s ,  r e f e r e n c e  w i l l  b e  m ade  t o
t h e i r  m a n u f a c t u r e ,  e l e c t r o n i c  a n d  b a s i c  g e n e r a l  p r o p e r t i e s .  
As p o i n t e d  o u t  e a r l i e r ,  i t  i s  s i l i c o n ,  r a t h e r  t h a n
g e r m a n i u m  ( o r  o t h e r  m a t e r i a l s )  w h i c h  i s  c u r r e n t l y  c h i e f l y  
e m p l o y e d  f o r  s e m i c o n d u c t o r  s t r a i n  g a u g e s .  H e n c e ,  r e f e r e n c e  
w i l l  m a i n l y  b e  m ade  t o  s t r a i n  g a u g e  m a n u f a c t u r e  u s i n g  
s i l i c o n .  ( N e v e r t h e l e s s ,  i n  g e n e r a l ,  t h e  s a m e  b a s i c
m a n u f a c t u r i n g  p r o c e s s e s  a p p l y  t o  g a u g e s  m a de  f r o m  o t h e r
s e m i c o n d u c t o r s ) .
S i n g l e  c r y s t a l s  o f  s i l i c o n  o f  h i g h  p u r i t y  a r e
r e q u i r e d  f o r  s e m i c o n d u c t o r  s t r a i n  g a u g e s .  T h e  f i r s t  
o p e r a t i o n  i n  t h e  f a b r i c a t i o n  p r o c e s s  i s  t h e  c u t t i n g  o f
s l i c e s  f r o m  t h e  s i l i c o n  b o u l e  p e r p e n d i c u l a r  t o  t h e  
l o n g i t u d i n a l  a x i s  o f  t h e  c r y s t a l .  T h i s  i s  t h e  [1 1 1 ]  a x i s  
f o r  p - t y p e  s i l i c o n  a n d  g e n e r a l l y  t h e  [ 1 0 0 ]  a x i s  f o r  n - t y p e  
s i l i c o n .  To a s s i s t  i n  l o c a t i n g  t h e  a p p r o p r i a t e
c r y s t a l l o g r a p h i c  a x i s  a  f l a t  i s  u s u a l l y  c u t  o n  o n e  s i d e  o f  
t h e  i n g o t .  T h i s  may b e  c u t  q u i t e  e a s i l y  u s i n g  a  d i a m o n d  
s a w .
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The  p r o c e s s  o f  t h e  d i f f u s i o n  o f  d o p a n t s  i n t o  t h e  
s i l i c o n  i s  c a r r i e d  o u t  b e c a u s e  t h e  n u m b e r  o f  c h a r g e  
c a r r i e r s  i n  p u r e  o r  i n t r i n s i c  s i l i c o n  i s  r e l a t i v e l y  l o w  a n d  
s o  t h e  r e s i s t i v i t y  i s  h i g h .  To p r o d u c e  p - t y p e  s e m i ­
c o n d u c t o r  m a t e r i a l  i m p u r i t y  a t o m s  o f  v e l e n c y  3 ( s u c h  a s  
b o r o n )  a r e  r e q u i r e d .  T h i s  l e a d s  t o  c o n d u c t i o n  b y  p o s i t i v e  
h o l e s .  H o w e v e r ,  t o  p r o d u c e  n - t y p e  s e m i c o n d u c t o r  m a t e r i a l  
i m p u r i t y  a t o m s  o f  v a l e n c y  5 ( s u c h  a s  p h o s p h o r u s )  a r e  
r e q u i r e d  a n d  c o n d u c t i o n  i s  b y  f r e e  e l e c t r o n s .
One t e c h n i q u e  e m p l o y e d  f o r  t h i s  p u r p o s e  i n v o l v e s  
h e a t i n g  s l i c e s  o f  s i l i c o n  i n  a r a d i o - f r e q u e n c y  t u b e  f u r n a c e  
t o  m o r e  t h a n  1300K a n d  p a s s i n g  on  i n e r t  c a r r i e r  g a s ,  w h i c h  
c o n t a i n s  a m i n u t e  a m o u n t  o f  t h e  a p p r o p r i a t e  d o p a n t ,  t h r o u g h  
t h e  t u b e  a n d  a l l o w i n g  i t  t o  c i r c u l a t e  a r o u n d  t h e  s i l i c o n .  
D e p e n d i n g  u p o n  t h e  l e n g t h  o f  t i m e  f o r  w h i c h  d i f f u s i o n  
o c c u r s ,  t h e  r a t e  o f  g a s  f l o w  a n d  t h e  c o n c e n t r a t i o n  o f  t h e  
i m p u r i t y  a t o m s  i n  t h e  g a s ,  i t  i s  i m p o s s i b l e  t o  a t t a i n  a  
s p e c i f i c  i m p u r i t y  c o n c e n t r a t i o n  i n  t h e  s i l i c o n  w a f e r .  
G a s e o u s  d i f f u s i o n  i s  t h e  m o s t  common t e c h n i q u e ,  a l t h o u g h  
t h e r e  a r e  a  n u m b e r  o f  a l t e r n a t i v e s .
T h i s  w a f e r  i s  s u b s e q u e n t l y  l a p p e d  a n d  p o l i s h e d  t o  
t h e  r e q u i r e d  f i n i s h e d  t h i c k n e s s  ( e . g .  0 . 0 1  mm t h i c k ) .
F o l l o w i n g  t h i s ,  m e a s u r e m e n t s  a r e  m ade  o f  t h e  r e s i s t i v i t y  s o  
t h a t  t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  t h e  s e m i c o n d u c t o r  
m a t e r i a l  a r e  know n a n d  c a n  b e  c a t e g o r i z e d  a p p r o p r i a t e l y .  
P h o t o l i t h o g r a p h y  i s  e m p l o y e d  t o  p r o d u c e ,  f r o m  t h e  w a f e r .
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t h e  p a t t e r n  o f  g a u g e s  a n d  r e q u i r e d  g e o m e t r i c  d e t a i l  ( t h i s  
i s  d o n e  b y  c o n v e n t i o n a l  m e a n s  u s i n g  p o s i t i v e  o r  n e g a t i v e  
p h o t o r e s i s t s .  A p r o c e s s  o f  w e t  a n d  d r y  e t c h i n g  ( i n c l u d i n g  
a n i s o t r o p i c  e t c h i n g  a n d  e l e c t r o c h e m i c a l  e t c h i n g )  e n a b l e s  
t h e  m a n u f a c t u r e  o f  t h i n n e d  f l e x u r a l  m e m b r a n e s  a n d  c o m p l e x  
p e r i p h e r a l  g e o m e t r y  g a u g e s .  C o n t r o l l e d  t h i n  s t r u c t u r e s  a r e  
a l s o  o b t a i n e d  b y  t h e  e m p l o y m e n t  o f  c o n d u c t i v i t y  s e l e c t i v e  
e t c h i n g .
T y p i c a l  s e m i c o n d u c t o r  s t r a i n  g a u g e  s i z e s  a n d  
g e o m e t r i e s  a r e  s h o w n  i n  f i g u r e  1 . 4 . 1 .  F o r  s p e c i a l  h i g h  
q u a l i t y  g a u g e s  a l a y e r  o f  s i l i c o n  d i o x i d e  i s  b u i l t  u p  o n  
t h e  s u r f a c e  o f  t h e  s i l i c o n  w a f e r .  T h e r e  a r e  g a p s  o r  
" w i n d o w s "  l e f t  i n  t h e  l a y e r  t o  e n a b l e  t h e  r e q u i r e d  
e l e c t r i c a l  c o n n e c t i o n s  t o  b e  m a d e .  To e n s u r e  t h a t  t h e s e  
r e g i o n s  o f  t h e  w a f e r  a r e  v e r y  h e a v i l y  d o p e d ,  s o  t h a t  t h e y  
h a v e  l o w  r e s i s t i v i t y ,  a  f u r t h e r  d i f f u s i o n  p r o c e s s  i s  
c a r r i e d  o u t .  T h i s  i s  d o n e  t o  m i n i m i s e  p o s s i b l e  " d i o d e  
e f f e c t s "  a t  t h e  s i l i c o n  a n d  l e a d  w i r e  c o n n e c t i o n  j u n c t i o n .
C o n n e c t i o n  p a d s  a r e  f o r m e d  a t  t h e  r e q u i r e d  p o s i t i o n s  
o n  t h e  g a u g e s  u s i n g  m a s k i n g  a n d  e i t h e r  e l e c t r o n  b e a m  
e v a p o r a t i o n ,  v a c u u m  m e t a l i z i n g ,  d . c .  o r  r . f .  s p u t t e r i n g  t o  
d e p o s i t  a  t h i n  f i l m  o f  m e t a l  on  t h e  g a u g e  s u r f a c e .  
M a t e r i a l s  u s e d  f o r  t h i s  i n c l u d e  a l u m i n i u m ,  p l a t i n u m ,  g o l d ,  
c h r o m e - g o l d  a n d  c o p p e r .
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ENLARGED GAUGE PROFILES
Semiconducto r  f i l a m e n t
0.64mm l e a d  w i re  (e .g .  go ld )
0 . 15mm
G.SGirm mmwm
■4-------------►
0.64mm (Not t o  s c a l e )
E x a m p l e s  o f  S e m i c o n d u c t o r  S t r a i n  G a u g e s  
( b a c k i n g  n o t  s h o w n )
F i g u r e  1 . 4 . 1
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S e p a r a t i o n  o f  i n d i v i d u a l  s t r a i n  g a u g e s  f r o m  t h e  
w a f e r  o f  s e m i c o n d u c t o r  m a t e r i a l  i n v o l v e s  a  c a r e f u l  p r o c e s s  
o f  l a p p i n g  a n d  e t c h i n g .  S c r i b i n g ,  l a s e r  m a c h i n i n g  a n d  
u l t r a s o n i c  m a c h i n i n g  may b e  e m p l o y e d .  I t  i s  i m p o r t a n t  t h a t  
t h e  p r e s e n c e  o f  s u r f a c e  d i s l o c a t i o n s *  i s  m i n i m i s e d  b e c a u s e  
t h e s e  a c t  a s  s t r e s s  w e a k n e s s  p r o m o t e r s  a n d  t h u s  l o w e r  b o t h  
t h e  u l t i m a t e  s t r e s s  a n d  f a t i g u e  l i f e  o f  t h e  f i n i s h e d  s t r a i n  
g a u g e .  T h e y  c a n  a l s o  a f f e c t  t h e  e l e c t r i c a l  p r o p e r t i e s  o f  
t h e  g a u g e .  M o r e o v e r ,  t h e  t h i c k n e s s  o f  t h e  g a u g e  i s  a n  
i m p o r t a n t  p a r a m e t e r  a n d  t h i s  n e e d s  t o  b e  t y p i c a l l y  o f  t h e  
o r d e r  o f  1 x 1 0 “ ^m, a n d  u n i f o r m ,  i f  c o r r e c t  t r a n s m i s s i o n  
o f  s t r a i n  f r o m  t h e  o b j e c t  s p e c i m e n  i s  t o  b e  a c h i e v e d .  M ore  
w i l l  b e  s a i d  i n  t h i s  c o n t e x t  l a t e r ,  b u t  i s  s h o u l d  b e  n o t e d  
t h a t  P e a r s o n  e t  a l ^ ^ ^ ^  c o n f i r m e d  t h a t  t h e  u l t i m a t e  s t r a i n  
o f  s i l i c o n  c r y s t a l s  i n c r e a s e s  a s  t h e  d i a m e t e r  i s  r e d u c e d ,  
s o  a  r e d u c t i o n  i n  g a u g e  c r o s s  s e c t i o n  i n c r e a s e s  t h e  
u l t i m a t e  s t r a i n .
T he  e l e c t r i c a l  c o n n e c t i o n s  t o  s t r a i n  g a u g e s  a r e  
co m m o n ly  made b y  t h e r m o - c o m p r e s s i o n  b o n d i n g ,  u l t r a s o n i c  
b o n d i n g ,  r e s i s t a n c e  w e l d i n g ,  s o l d e r i n g  o r  b r a z i n g .  
M a t e r i a l s  u s e d  f o r  t h e  c o n n e c t i n g  l e a d s  i n c l u d e  9 9 . 9  p e r  
c e n t  p u r e  g o l d ,  p l a t i n u m  o r  a l u m i n i u m .
* S i n g l e  c r y s t a l s  a r e  r e a d i l y  a v a i l a b l e  w i t h  d i s l o c a t i o n
6 _ 2
d e n s i t i e s  o f  l e s s  t h a n  1 x 10 m
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S e m i c o n d u c t o r  s t r a i n  g a u g e s  w h i c h  h a v e  n o  p l a s t i c  o r  
o t h e r  b a c k i n g  m a t e r i a l  h a v e  t h e  h i g h e s t  s e n s i t i v i t y  t o  
s t r a i n  b u t  a r e  m o r e  p r o n e  t o  d a m ag e  d u r i n g  m o u n t i n g  a n d  
u s e .  F o r  t h i s  r e a s o n  s e m i c o n d u c t o r  g a u g e s  w h i c h  a r e  s e a l e d  
o r  e n c a p s u l a t e d  a r e  a l s o  m a n u f a c t u r e d .  T h e  m a t e r i a l s  
c h i e f l y  u s e d  f o r  t h i s  a r e  e p o x y  r e s i n s  ( e . g .  c y c l o a l i p h a t i c  
t y p e ) .  S e a l i n g  t e c h n i q u e s  e m p l o y e d  i n c l u d e  g l a s s  f u s i o n  
s e a l i n g ,  a n d  c e n t r i f u g i n g  o r  v a p o u r  d e p o s i t i o n  i s  u s e d  t o  
a p p l y  t h e  s e a l i n g  l a y e r .
G a u g e s  a r e  o f t e n  s u p p l i e d  i n  s e t s  o f  4 g a u g e s  w h i c h  
h a v e  b e e n  m a de  f r o m  t h e  s am e  w a f e r  o f  s e m i c o n d u c t o r .  T h e s e  
a r e  m a t c h e d  f o r  r e s i s t a n c e  t o  a  t o l e r a n c e  o f  a b o u t  -  2% a t  
a  p a r t i c u l a r  a m b i e n t  t e m p e r a t u r e .  Due t o  v a r i a t i o n s  i n  
u n i f o r m i t y  o f  d i f f u s e d  i m p u r i t i e s ,  a n d  o t h e r  v a r i a t i o n s  d u e  
t o  m a n u f a c t u r i n g  m e t h o d s ,  t h e  r e s i s t a n c e  m a t c h i n g  o f  g a u g e s  
o v e r  a  w i d e  t e m p e r a t u r e  r a n g e  i s  d i f f i c u l t ,  a n d  s o  
c o m p u t e r - a s s i s t e d  m a t c h i n g  u s i n g  l a r g e  b a t c h e s ,  f r o m  t h e  
sam e  w a f e r ,  i s  e m p l o y e d  b y  some m a n u f a c t u r e r s .  T h i s  
e n a b l e s  s e t s  o f  g a u g e s  t o  b e  p r o v i d e d  w h i c h  a r e  r e s i s t a n c e  
m a t c h e d  t o  -  0 . 2 %  o v e r  a  t e m p e r a t u r e  r a n g e  o f  l l O K .  Some 
s e t s  o f  g a u g e s  a r e  r e s i s t a n c e  m a t c h e d  t o  -  1% o f  t h e  
n o m i n a l  r e s i s t a n c e  a t  r o o m  t e m p e r a t u r e .  To a c h i e v e  t h i s  a  
l a r g e  n u m b e r  o f  g a u g e s ,  ( p e r h a p s  1000 o r  m o r e )  f r o m  t h e  
sam e  w a f e r  o f  s e m i  c o n d u c t o r ,  a r e  m o u n t e d  i n t o  t e s t  r i g s  
a n d  p u t  i n t o  a  s p e c i a l  o v e n  c a p a b l e  o f  g i v i n g  a  r a n g e  o f  
c o n s t a n t  t e m p e r a t u r e s .  T h e n  t h e  r e s i s t a n c e  v a r i a t i o n s  o f  
e a c h  g a u g e ,  a t  t h r e e  d i f f e r e n t  t e m p e r a t u r e s ,  o v e r  a  r a n g e
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o f  I IO K  a r e  r e c o r d e d .  B e s t  f i t  g r o u p s  o f  f o u r  g a u g e s  a r e  
t h e n  s e l e c t e d .
1 . 5  THEORY OF PIEZORESISTANCE IN  SEMICONDUCTORS
S i l i c o n  a n d  g e r m a n i u m  h a v e  c u b i c  c r y s t a l  s t r u c t u r e s  
a n d  b e l o n g  t o  t h e  g r o u p  h a v i n g  t h e  h i g h e s t  s y m m e t r y  o f  t h e  
5 c l a s s e s  c o m p r i s i n g  t h e , c u b i c  s y s t e m .  As w i l l  b e  s h o w n ,  
t h e  p i e z o r e s i s t i v e  e f f e c t  ( s e c t i o n  1 . 3 )  c a n  b e  d e s c r i b e d  
m a t h e m a t i c a l l y  b y  3 b a s i c  e q u a t i o n s ,  e a c h  r e l a t i n g  t h e  
e l e c t r i c  f i e l d  c o m p o n e n t s ,  E ,  c u r r e n t  d e n s i t y  j ,  a n d  s t r e s s  
c o m p o n e n t s  a .
F o r  a  c o m p l e t e l y  a n i s o t r o p i c  s e m i c o n d u c t o r ,  E i s  a  
f u n c t i o n  o f  t h e  3 - d i m e n s i o n a l  d i s t r i b u t i o n s  o f  j  a n d  a a s  
f o l l o w s :
5 "  ^ ( i l f  3 2 '  3 s '  * 1 1 '  # 2 2 '  # 3 3 '  ^ 1 2 '  ® 2 3 ' ^ 3 s )
1 . 5 . 1
W h e r e  1 ,  2 a n d  3 a r e  t h e  c r y s t a l l o g r a p h i c  a x e s  o f  
t h e  s e m i c o n d u c t o r  ( s e e  f i g u r e  1 . 5 . 1 ) .  The  s u b s c r i p t s  o f  
s t r e s s  ( a )  w h i c h  a r e  e q u a l  i n d i c a t e  n o r m a l  s t r e s s ,  a n d  
t h o s e  w h i c h  a r e  d i f f e r e n t  i n d i c a t e  s h e a r  s t r e s s .
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4^  ^33(^3»Û3)
1
I
1i  ^ 1 
Ol2 
—► 1
yy
y
y '
> 0 2 2 ( 2^ , 3 2 )
E l e m e n t  o f  S e m i c o n d u c t o r  C r y s t a l  
F i g u r e  1 . 5 . 1 .
A l t h o u g h  t h e  g e n e r a l  e x p r e s s i o n  f o r  e l e c t r i c  f i e l d  
s t r e n g t h  E r e p r e s e n t s  a  c o m p l e x  t e n s o r  r e l a t i o n s h i p ,  i t  h a s  
b e e n  sh o w n  b y  M ason  a n d  T h u r s t o n t h a t ,  f o r  a  m a t e r i a l  
h a v i n g  t h e  s y m m e t r y  o f  s i l i c o n  a n d  g e r m a n i u m ,  t h e  e l e c t r i c  
f i e l d  s t r e n g t h  c o m p o n e n t s  a r e  r e p r e s e n t e d  b y :
E j / p  = j l [ l  + TT 1 1 a i 1 + TT 12  ( ^ 2 2 + O3 3 ) ]  + j 2 TTitltTJl2 + j  3 1 3
1 . 5 . 2
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E z / P  -  + ^ 1 1 0 2 2 +  ^ 1 2 ( 0 1 1 + P 3 3 ) ]  + 0 1 ^ 4 4  0 1 2 +  i 3 m 4 4 P 23
1 . 5 . 3
E 3 / P  -  ] 3 [ 1  +  ^ 1 1 0 3 3 +  n 1 2 ( 0 1 1 +  0 2 2 ) ]  +  j l ' T 4 4 0 i 3 +  3 2 ^ 4 4 0 2 3
1 . 5 . 4
H e r e  p i s  t h e  ( i s o t r o p i c )  r e s i s t i v i t y  a t  z e r o  s t r e s s  a n d  
TT 1 1 , TT 12  a n d  tti^4 a r e  t h e  p i e z o r e s i s t i v e  c o e f f i c i e n t s  o n  
t h e  p r i n c i p a l  a x e s .  ( T h e  l a t t e r  c a n  b e  d i s p l a y e d  a s  a  6 x 6 
m a t r i x ,  a s  M a s o n  a n d  T h u r s t o n h a v e  d e s c r i b e d ) .  T h e s e  
c o e f f i c i e n t s  v a r y  b o t h  w i t h  t h e  t y p e  o f  m a t e r i a l  a n d  w i t h  
t e m p e r a t u r e .  T h e  s u b s c r i p t s  o f  t h e s e  c o e f f i c i e n t s  c a n  b e  
m o r e  r e a d i l y  c o m p r e h e n d e d  w hen  c o n s i d e r e d  i n  t e r m s  o f  t h e  
f o l l o w i n g  f i v e  p r a c t i c a l  c a s e s  o f  s t r e s s  p a t t e r n s  a n d  
c u r r e n t  d e n s i t y ;
( i )  c u r r e n t  a n d  u n i a x i a l  s t r e s s  a l o n g  t h e  s a m e  c r y s t a l  
a x i s :
E / p  = j  ( 1  + t t i j q ) 1 . 5 . 5
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( i i )  C u r r e n t  a n d  u n i a x i a l  s t r e s s  a l o n g  tw o  o r t h o g o n a l  
c r y s t a l  a x e s :
E/p = j ( l + T T i 2 P )  1 . 5 . 6
( i i i )  C u r r e n t  a l o n g  o n e  c r y s t a l  a x i s  a n d  p u r e  u n i a x i a l  
s t r e s s  o p e r a t i n g  i n  a p l a n e  n o r m a l  t o  t h i s  a x i s :
E/p = j  1 . 5 . 7
( T h u s  t h e r e  i s  no  e f f e c t  o n  r e s i s t a n c e )
( i v )  a t  a  ( h y d r o s t a t i c )  p r e s s u r e  p  t h e n :
E/p = ] [ 1  + p  ( ^ 1 1  + 2^12)] 1 . 5 . 8
( v )  W i t h  s h e a r  s t r e s s  t ,  o p e r a t i n g  i n  a p l a n e  d e f i n e d
b y  tw o  o f  t h e  c r y s t a l  a x e s ,  a n d  c u r r e n t  f l o w i n g  
a l o n g  o n e  o f  t h e s e ,  t h e  e f f e c t  a l o n g  t h e  o t h e r  a x i s  
i s :
E/p = j  ( t t^ i+t)  1 . 5 . 9
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I n  p r a c t i c e  b o t h  t h e  s t r e s s  a n d  t h e  c u r r e n t  a r e  
a l o n g  t h e  l e n g t h  o f  t h e  s e m i c o n d u c t o r  s t r a i n  g a u g e  ( e v e n  
t h o u g h  t h i s  d i r e c t i o n  may n o t  a c t u a l l y  b e  a  c r y s t a l  a x i s ) .  
T h e n  t h e  " e f f e c t i v e "  l o n g i t u d i n a l  p i e z o r e s i s t i v e  
c o e f f i c i e n t  ir^ may b e  f o u n d  i n  t e r m s  o f  t h e  d i r e c t i o n  
c o s i n e s  m ^ ,  n^ o f  w i t h  r e s p e c t  t o  t h e  c r y s t a l  a x e s
s i n c e :
2 2 2 2 2 2 
2 [ t t i 2 ” tt 11 + ] [£ 1 mi +  m i n i +  n^Aj ] 1 . 5 . 1 0
2 2 2 2 2 2 
Now, &imi + m i n i  + n i & i i s  a  maximum w h e n
= Ml = n i  = 1 / / 3 ,  c o n s e q u e n t l y ,  when Tri2 “  tt 11 + 0
t h e  maximum p i e z o r e s i s t i v e  e f f e c t  w i l l  o c c u r  a l o n g  a 
c r y s t a l  d i r e c t i o n  d e s i g n a t e d  [ 1 1 1 ] .  H o w e v e r ,  w hen
^ 1 2 -  % ! !+  t t ^ ^ <  0 t h e  maximum p i e z o r e s i s t i v e  e f f e c t  w i l l  b e  
a l o n g  a  c r y s t a l  a x i s  s u c h  a s  [ 1 0 0 ] .  F i g u r e s  1 . 5 . 2  a n d
1 . 5 . 3  s h o w  t h e  tw o  c u b i c  c r y s t a l  d i r e c t i o n s  [ 1 1 1 ]  a n d  [1 0 0 ]  
r e s p e c t i v e l y .
C u b i c  C r y s t a l  [1,1,1] d i r e c t i o n .  C u b i c  C r y s t a l  [^QO] d i r e c t i o n .  
F i g u r e  1 . 5 . 2  F i g u r e  1 . 5 . 3
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B o t h  t h e  m a g n i t u d e  a n d  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  
p i e z o r e s i s t i v e  c o e f f i c i e n t s  o f  s e m i c o n d u c t o r s  a r e  a  
f u n c t i o n  o f  t h e  i m p u r i t y  c o n c e n t r a t i o n .  A n u m b e r  o f
i n v e s t i g a t o r s ,  s u c h  a s  K e r r  a n d  M i l n e s [4 2 ] , h a v e  e x p l o r e d
t h e s e  f a c t o r s .  I t  h a s  b e e n  f o u n d  t h a t  r e l a t i v e l y  l o w
i m p u r i t y  c o n c e n t r a t i o n s  p r o d u c e  a h i g h  g a u g e  f a c t o r  k .  
H o w e v e r ,  t h i s  a l s o  r e s u l t s  i n  a  h i g h  t e m p e r a t u r e  
c o e f f i c i e n t  o f  s e n s i t i v i t y  , a s  c a n  b e  s e e n  f r o m  f i g u r e  
1 . 5 . 4 .  [ r  i s  t h e  t e m p e r a t u r e  c o e f f i c i e n t  o f  r e s i s t a n c e .  T 
i s  t h e  s e n s i t i v i t y  ( i . e .  c h a n g e  i n  o u t p u t  v o l t a g e  w i t h  
a p p l i e d  s t r a i n )  e x p r e s s e d  i n  p e r c e n t  p e r  k e l v i n ] .
Gauge
F a c to r
16020
oin
80lO
S u rfa c e  i i r p u r i ty  c o n c e n tra t io n  (atoms m” ^)
T h e  p i e z o r e s i s t i v e  p r o p e r t i e s  o f  
d i f f u s e d  l a y e r s  on  s i l i c o n
F i g u r e  1 . 5 . 4 .
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A t e m p e r a t u r e  c o e f f i c i e n t  o f  r e s i s t a n c e  r ,  w h i c h  i s  
l a r g e  e n o u g h  t o  e n a b l e  t h e  p a s s i v e  c o m p e n s a t i o n  o f  t h e  
t e m p e r a t u r e  c o e f f i c i e n t  o f  s e n s i t i v i t y  ( e . g .  b y
c o n s t a n t  c u r r e n t  e n e r g i z a t i o n ) ,  i s  d e s i r a b l e .  As sh o w n  i n  
f i g u r e  1 . 5 . 4 .  t h i s  may b e  a c h i e v e d  b y  t h e  u s e  o f  e i t h e r  
h i g h  o r  l o w  d o p a n t  l e v e l s .
I t  m u s t  b e  n o t e d ,  h o w e v e r ,  t h a t  i f  l o w  d o p a n t  l e v e l s  
a r e  u s e d  a h i g h e r  g a u g e  f a c t o r  i s  a t t a i n e d ,  b u t  a t  t h e  
e x p e n s e  o f  a  h i g h  t e m p e r a t u r e  c o e f f i c i e n t  o f  s e n s i t i v i t y  
( p a r t i c u l a r l y  t h e  l i n e a r i t y  o f  t h e  c o m p e n s a t e d  t e m p e r a t u r e  
c o e f f i c i e n t  o f  s e n s i t i v i t y  i s  a d v e r s e l y  a f f e c t e d )  o v e r  a n  
e x t e n d e d  t e m p e r a t u r e  r a n g e .
M a l l o n  e t  a l ^ ^ S ]  r e p o r t  t h a t ,  i f  r e l a t i v e l y  
d e g e n e r a t e  d o p a n t  l e v e l s  a r e  e m p l o y e d ,  i t  i s  t h e n  p o s s i b l e  
t o  u s e  w h a t  t h e y  t e r m  " i n t e g r a t e d  s e n s o r s " ,  w h i c h  a r e  
i n t e g r a t e d  c i r c u i t s  c o n t a i n i n g  p i e z o r e s i s t i v e  s e n s i n g  
e l e m e n t s ,  a t  l o w  ( c r y o g e n i c )  t e m p e r a t u r e s .  ( e . g .  s e m i ­
c o n d u c t o r  s t r a i n  g a u g e s  w i t h  d o p a n t  l e v e l s  g r e a t e r  t h a n  2 x 
— 3
i p 2 5  a t o m s  m h a v e  bee  
c r y r o g e n i c  a p p l i c a t i o n s ) .
i p a t o m s   h a v e  b e e n  f o u n d  t o  b e  s u i t a b l e  f o r  u s e  i n
F o r  a  g i v e n  s u r f a c e  i m p u r i t y  c o n c e n t r a t i o n  i t  h a s  
b e e n  f o u n d  t h a t  s t r a i n  g a u g e s  made f r o m  n —t y p e  s i l i c o n  h a v e  
a  h i g h e r  t e m p e r a t u r e  c o e f f i c i e n t  o f  s e n s i t i v i t y  t h a n  g a u g e s  
m ade  f r o m  p - t y p e  s i l i c o n .  C o n s e q u e n t l y ,  p i e z o r e s i s t i v e  
e l e m e n t s  o f  n - t y p e  s i l i c o n  a r e  g e n e r a l l y  n o t  u s e d ,  a p a r t
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f r o m  m o n o l i t h i c  g a u g e s  ( s i n g l e  s t r i p  g a u g e s  s u c h  a s  a r e  
u s e d  f o r  c o m p e n s a t i o n  w i t h  p - t y p e  g a u g e s ) .  N e v e r t h e l e s s ,  
b e c a u s e  i s  t h e  d o m i n a n t  p i e z o r e s i s t i v e  c o e f f i c i e n t  t h e
e m p l o y m e n t  o f  n - t y p e  s i l i c o n  g a u g e s  p r o v i d e s  a d d e d  
f l e x i b i l i t y  i n  s t r a i n  g a u g e  r e s p o n s e  i n  v a r i o u s  s t r e s s
f i e l d s .  T u f t e  a n d  S t e l z e r [ 4 4 , 4 5 ]  f o u n d  t h a t ,  f o r  n - t y p e
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s i l i c o n  a t  h i g h  s u r f a c e  i m p u r i t y  c o n c e n t r a t i o n s  (10
3
a t o m s  m" ) w a s  q u i t e  h i g h .  T h i s  c o u l d  p r o v i d e
i n c r e a s e d  f l e x i b i l i t y  i n  t h e  e x p l o i t a t i o n  o f  t h e  
l o n g i t u d i n a l  , t h e  t r a n s v e r s e  a n d  t h e  s h e a r  c o e f f i c i e n t s  
f o r  t h e  c o n t r o l  o f  s t r a i n  g a u g e  r e s p o n s e ,  i n  a  r a n g e  o f  
s t r e s s  f i e l d s .
I t  h a s  b e e n  f o u n d  f r o m  e x p e r i m e n t a l  o b s e r v a t i o n s  o f  
s i l i c o n  a n d  g e r m a n i u m ^ ^ ]  t h a t ,  f o r  d i f f e r e n t  d i r e c t i o n s ,  
t h e  p i e z o r e s i s t i v e  c o e f f i c i e n t s  may b e  p o s i t i v e  o r  n e g a t i v e  
o r  z e r o .  As i n d i c a t e d  i n  s e c t i o n  1 . 3 ,  t h i s  m e a n s  t h a t ,  b y  
j u d i c i o u s  c o n t r o l  o f  c r y s t a l l o g r a p h y  a g a u g e  may b e  m a de  t o  
r e s p o n d  i n  a  d e s i r e d  a n d  c o n t r o l l e d  m a n n e r  t o  p o s i t i v e ,  
n e g a t i v e  a n d  s h e a r  s t r e s s e s  ( e i t h e r  t r a n s v e r s e  o r  
l o n g i t u d i n a l ) .  I n  p - t y p e  s i l i c o n  t h e  p i e z o r e s i s t i v e
c o e f f i c i e n t  o n  t h e  " 4 4 "  p r i n c i p a l  a x i s  d o m i n a t e s  a n d  t h e  
l o n g i t u d i n a l  p i e z o r e s i s t i v e  c o e f f i c i e n t  may b e  m a de  t o
b e  e i t h e r  p o s i t i v e  o r  z e r o  f o r  v a r i o u s  d i r e c t i o n s .  
S i m i l a r l y ,  i n  r e s p e c t  o f  t h e  t r a n s v e r s e  p i e z o r e s i s t i v e  
c o e f f i c i e n t  d o m i n a t e s  f o r  p - t y p e  s i l i c o n  a n d ,  i n  t h i s
c a s e ,  t h e  c o e f f i c i e n t  may b e  m ade  t o  b e  e i t h e r  n e g a t i v e  o r  
z e r o  f o r  v a r i o u s  d i r e c t i o n s .
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D i f f e r e n t  o r i e n t a t i o n s  h a v e  b e e n  f o u n d  t o  b e  
s u i t a b l e  f o r  p a r t i c u l a r  s t r a i n  g a u g e  a p p l i c a t i o n s .  F o r  
e x a m p l e ,  u s i n g  p - t y p e  s i l i c o n ,  t h e  c o n f i g u r a t i o n  w h i c h  
f o l l o w s  h a s  b e e n  r e p o r t e d  b y  K u r t z  a n d  G r a v e l [4 6 ]  b e i n g
p a r t i c u l a r l y  s u i t a b l e  f o r  s t r a i n  g a u g e s  w h en  t h e r e  i s  a  
h i g h  t r a n s v e r s e  s t r e s s  c o n d i t i o n ,  s u c h  a s  i n  t h e  c e n t r e  o f  
a  d i a p h r a g m .  T h i s  i s  w h e r e  i s  p a r a l l e l  t o  t h e  g a u g e
a x i s ,  <^100^ i s  p e r p e n d i c u l a r  t o  t h e  g a u g e  a x i s  a n d  < ( l lO ^  i s  
p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  t h e  g a u g e .  ( U n d e r  t h e s e  
c o n d i t i o n s  t h e r e  i s  a  maximum l o n g i t u d i n a l  p i e z o r e s i s t i v e  
c o e f f i c i e n t  u n d e r  t h e  c o n s t r a i n t  o f  a n  a l m o s t  z e r o  
t r a n s v e r s e  p i e z o r e s i s t i v e  c o e f f i c i e n t ) .
1 . 6  COMPARISON OF SEMICONDUCTOR AND
METAL FO IL OR WIRE GAUGES
The  g a u g e  f a c t o r  k i s  m uch  g r e a t e r  f o r  s e m i c o n d u c t o r  
s t r a i n  g a u g e s  t h a n  f o r  m e t a l  f o i l  o r  w i r e  g a u g e s .  T h i s  
m e a n s  t h a t  v e r y  s m a l l  m a g n i t u d e  s t r a i n s  may b e  m e a s u r e d  o r  
r e l a t i v e l y  l a r g e  o u t p u t s  f r o m  s t r a i n  g a u g e  c i r c u i t s  may b e  
o b t a i n e d  ( t o  d r i v e  r e l a y s ,  f o r  i n s t a n c e )  i f  s e m i c o n d u c t o r  
s t r a i n  g a u g e s  a r e  e m p l o y e d .  H o w e v e r ,  a s  s h o w n  i n  f i g u r e  
1 . 6 . 1 ,  t h e  c h a n g e  i n  t h e  r e s i s t a n c e  o f  a  s e m i c o n d u c t o r  
s t r a i n  g a u g e  w i t h  t e m p e r a t u r e  i s  much g r e a t e r  t h a n  t h a t  o f  
a  w i r e  o r  m e t a l  f o i l  g a u g e ,  a n d  s m a l l  v a r i a t i o n s  i n  
t e m p e r a t u r e  c a n  t h u s  p r o d u c e  m a r k e d  c h a n g e s  i n  r e c o r d e d  
s t r a i n  v a l u e s .
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a n d  m e t a l  f o i l  s t r a i n  g a u g e s
F i g u r e  1 . 6 . 1
S e m i c o n d u c t o r  s t r a i n  g a u g e s  h a v e  v e r y  l o w  
h y s t e r e s i s ,  w h i c h  i s  o n l y  l i m i t e d  b y  t h e  t e c h n i q u e  u s e d  f o r  
b o n d i n g .  T h e y  a l s o  h a v e  a  h i g h  f a t i g u e  l i f e .  F o r  s t r a i n  
g a u g e s  c u r r e n t l y  m a n u f a c t u r e d  t h i s  g e n e r a l l y  e x c e e d s  10^  
f u l l y  r e v e r s e d  c y c l e s  a t  -  1000 \i s t r a i n .  T h e  r a n g e  o f  
r e s i s t a n c e  v a l u e s  f o r  s e m i c o n d u c t o r  s t r a i n  g a u g e s  i s  q u i t e  
w i d e .  Some g a u g e s  h a v e  u n s t r a i n e d  r e s i s t a n c e s  o f  10 o hm s  
a t  r o o m  t e m p e r a t u r e  w h i l e  o t h e r s  a r e  a v a i l a b l e  w h i c h  h a v e  
u n s t r a i n e d  r e s i s t a n c e s  o f  10 k i l o h m s  o r  m o r e  a t  r o o m
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t e m p e r a t u r e .  F u r t h e r m o r e ,  t h e  e l a s t i c  s t r a i n  r a n g e  f o r  
s e m i c o n d u c t o r  s t r a i n  g a u g e s  i s  u s u a l l y  up  t o  m o r e  t h a n  
5 0 0 0 m s t r a i n .
N o t  o n l y  d o e s  t h e  g a u g e  f a c t o r  o f  s e m i c o n d u c t o r  
s t r a i n  g a u g e s  m a r k e d l y  v a r y  w i t h  t e m p e r a t u r e  b u t  a l s o  w i t h  
t h e  l e v e l  o f  a p p l i e d  s t r a i n .  T h i s  n o n - l i n e a r i t y  o f  s e m i ­
c o n d u c t o r  s t r a i n  g a u g e s ,  c o m p a r e d  t o  m e t a l  f o i l  o r  w i r e  
g a u g e s ,  i s  a  p e r f o r m a n c e  i m p e r f e c t i o n  w h i c h  c a n ,  h o w e v e r ,  
b e  c o m p e n s a t e d  f o r ,  a s  w i l l  b e  sh o w n  ( s e c t i o n  2 . 6 ) .  I t  
w i l l  a l s o  b e  sh o w n  t h a t  c o m p e n s a t i o n  f o r  t e m p e r a t u r e  
e f f e c t s  o n  s e m i c o n d u c t o r  s t r a i n  g a u g e  p e r f o r m a n c e  c a n  b e  
p r o v i d e d .  I n  a d d i t i o n ,  t h e  p h o t o s e n s i t i v i t y  o f
s e m i c o n d u c t o r  s t r a i n  g a u g e s  w i l l  b e  d e s c r i b e d .  F i n a l l y ,  a  
c o m p a r i s o n  o f  s e m i - c o n d u c t o r  a n d  o t h e r  t y p e s  o f  e l e c t r i c a l  
s t r a i n  g a u g e s  w i l l  b e  p r o v i d e d  ( s e c t i o n  7 . 2 ) .
1 . 7  SUMMARY
P i e z o r e s i s t a n c e  i s  t h e  c h a n g e  i n  t h e  e l e c t r i c a l  
r e s i s t a n c e  o f  a  m a t e r i a l  d u e  t o  a n  a p p l i e d  s t r e s s  a n d  t h e  
e f f e c t  c a n  b e  u s e d  t o  m e a s u r e  s t r a i n .  T h e  e f f e c t  i n  
s e m i c o n d u c t o r s ,  w h i c h  w a s  r e p o r t e d  b y  S m i t h i n  1 9 5 4 ,  i s  
much g r e a t e r  t h a n  i n  m e t a l  f o i l  o r  w i r e  s t r a i n  g a u g e s .  
Much o f  t h e  r e s e a r c h  a n d  d e v e l o p m e n t  c o n c e r n i n g  s e m i ­
c o n d u c t o r s  s t r a i n  g a u g e s  t o o k  p l a c e  i n  A m e r i c a  d u r i n g  t h e  
1 9 6 0 ' s  a n d  r e c e n t  l i t e r a t u r e  i n  t h i s  c o n t e x t  i s  s p a r s e .
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T h e  p r i n c i p a l  a i m  o f  t h i s  i n v e s t i g a t i o n  i s  a  b r o a d  
s t u d y  o f  t h e  t h e o r y  a n d  p r i n c i p l e s  o f  p i e z o r e s i s t a n c e  i n  
s e m i c o n d u c t o r s  a n d  o f  t h e  m a n u f a c t u r e  a n d  p r o p e r t i e s  o f  
s e m i c o n d u c t o r  s t r a i n  g a u g e s .  S u b j e c t s  t o  b e  c o v e r e d  
i n c l u d e
( a )  b o n d i n g  o f  s e m i c o n d u c t o r  s t r a i n  g a u g e s
( b )  n o n - l i n e a r i t y  o f  g a u g e  r e s i s t a n c e / s t r a i n  r e s p o n s e  
a n d  c o m p e n s a t i o n  o f  t h i s  e f f e c t .
( c )  s e m i c o n d u c t o r  s t r a i n  g a u g e  e n e r g i z a t i o n ,  b r i d g e  
c i r c u i t s ,  c o m p e n s a t i n g  c i r c u i t s  a n d  b r i d g e  o u t p u t  
a m p l i f i c a t i o n
( d )  s e m i c o n d u c t o r  s t r a i n  g a u g e  t h e r m a l  c h a r a c t e r i s t i c s  
a n d  t h e i r  c o m p e n s a t i o n
( e )  s t a t i c  a n d  d y n a m i c  p h o t o e l e c t r i c  s e n s i t i v i t y  o f  
s e m i c o n d u c t o r  s t r a i n  g a u g e s
( f )  e x p l o r a t i o n  o f  p o t e n t i a l  a p p l i c a t i o n s  t o  e x p l o i t  t h e  
p r o p e r t i e s  o f  s e m i c o n d u c t o r  s t r a i n  g a u g e s ,  i n c l u d i n g  
t h e  d e v e l o p m e n t  o f  a n  i n t e g r a t e d  b r i d g e / a m p l i f i e r  
s y s t e m  a n d  a  s t u d y  o f  t h e  b e h a v i o u r  o f  s e m i c o n d u c t o r  
s t r a i n  g a u g e s  w hen  s u b j e c t e d  t o  a  n e u t r o n  f l u x .
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N o t  o n l y  i s  t h e  g a u g e  f a c t o r  k much  l a r g e r  t h a n  t h a t  
o f  m e t a l  f o i l  g a u g e s  ( e . g .  100 t i m e s  g r e a t e r )  b u t  a l s o  
e i t h e r  p o s i t i v e  o r  n e g a t i v e  -  d e p e n d i n g  o n  t h e  t y p e  o f  
d o p a n t  e m p l o y e d .  C o n s i d e r a b l e  i m p r o v e m e n t s  i n  t h e
m a n u f a c t u r e  o f  s e m i c o n d u c t o r  s t r a i n  g a u g e s  h a v e  r e s u l t e d  
f r o m  t h e  a d o p t i o n  o f  t e c h n i q u e s  e m p l o y e d  i n  t h e  m a n u f a c t u r e  
o f  i n t e g r a t e d  c i r c u i t s .  S e m i c o n d u c t o r  s t r a i n  g a u g e s  
m a n u f a c t u r e d  t o d a y  a r e  m o re  c l o s e l y  m a t c h e d ,  i n  t e r m s  o f  
t h e i r  r e s i s t a n c e  v e r s u s  t e m p e r a t u r e  c h a r a t e r i s t i c s , t h a n
t h o s e  u s e d  i n  t h e  1 9 6 0 ' s .
T h e  p i e z o r e s i s t i v e  e f f e c t  i n  s e m i c o n d u c t o r s  c a n  b e  
d e s c r i b e d  m a t h e m a t i c a l l y  b y  t h r e e  b a s i c  e q u a t i o n s  r e l a t i n g  
t h e  e l e c t r i c  f i e l d  c o m p o n e n t s ,  c u r r e n t  d e n s i t y  a n d  s t r e s s  
c o m p o n e n t s .  The  maximum p i e z o r e s i s t i v e  e f f e c t  o c c u r s  a l o n g  
a  c r y s t a l  d i r e c t i o n  d e s i g n a t e d  [ 1 0 0 ]  f o r  n - t y p e  s i l i c o n  a n d  
[1 1 1 ]  i n  t h e  c a s e  o f  p - t y p e  s i l i c o n  a n d  b o t h  n a n d  p - t y p e  
g e r m a n i u m .  An i n c r e a s e  i n  d o p a n t  l e v e l  g i v e s  r i s e  t o : -
( i )  r e d u c t i o n  i n  g a u g e  f a c t o r
( i i )  i n c r e a s e  i n  t h e  l i n e a r i t y  o f  r e s p o n s e  t o  s t r a i n
( i i i )  r e d u c t i o n  i n  t e m p e r a t u r e  c o e f f i c i e n t  o f  r e s i s t a n c e
( i v )  i n c r e a s e  i n  o p e r a t i n g  t e m p e r a t u r e  r a n g e  ( i n c r e a s e d  
d o p i n g  l o w e r s  t h e  m in im u m  o p e r a t i n g  t e m p e r a t u r e )
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A b r i e f  c o m p a r i s o n  o f  s e m i c o n d u c t o r  a n d  m e t a l  f o i l  
o r  w i r e  s t r a i n  g a u g e s  r e v e a l s  t h a t  t h e  f o r m e r  h a v e  v e r y  l o w  
h y s t e r e s i s  a n d  a  h i g h  f a t i g u e  l i f e .  A l t h o u g h  t h e y  h a v e  a 
much l a r g e r  g a u g e  f a c t o r  t h i s  v a r i e s  s i g n i f i c a n t l y  n o t  o n l y  
w i t h  t e m p e r a t u r e  b u t  a l s o  w i t h  t h e  l e v e l  o f  a p p l i e d  s t r a i n .  
I n  a d d i t i o n ,  t h e y  a r e  r e p o r t e d  a s  b e i n g  p h o t o s e n s i t i v e .
37
CHAPTER 2
SEMICONDUCTOR STRAIN GAUGE BONDING. GAUGE LINEARITY.
2 . 1  INTRODUCTION
T h e  b o n d i n g  o f  s t r a i n  g a u g e s  c a n  i n f l u e n c e  b o t h  
t h e i r  p e r f o r m a n c e  a n d  r e l i a b i l i t y .  C o n s e q u e n t l y ,  i n i t i a l  
s t u d i e s  w e r e  u n d e r t a k e n  c o n c e r n i n g  a d h e s i v e s ,  b o n d i n g  
t e c h n i q u e s ,  t e s t i n g  o f  b o n d s  a n d  t h e  i n f l u e n c e  o f  t h e  t y p e  
o f  s u r f a c e  a n d  e n v i r o n m e n t  o n  t h e  b e h a v i o u r  o f  b o n d e d  s e m i ­
c o n d u c t o r  s t r a i n  g a u g e s .  S u g g e s t i o n s ,  b a s e d  u p o n  t h e  
f i n d i n g s  o f  t h e s e  v a r i o u s  s t u d i e s ,  r e g a r d i n g  m e a s u r e s  t o  
i m p r o v e  o r  t e s t  b o n d s  a r e  t h e n  p r e s e n t e d .
S e m i c o n d u c t o r  s t r a i n  g a u g e s  a r e  s o m e w h a t  n o n - l i n e a r  
w i t h  r e s p e c t  t o  t h e i r  c h a n g e  o f  r e s i s t a n c e  w i t h  c h a n g e  i n  
a p p l i e d  s t r a i n .  A b a s i c  e x a m i n a t i o n  w as  t h u s  a l s o  
u n d e r t a k e n ,  a f t e r  e x p l o r i n g  t h e  t h e o r e t i c a l  b a s i s  a n d  
p r o b l e m s  a s s o c i a t e d  w i t h  g a u g e  n o n - l i n e a r i t y ,  o f  m e a n s  o f  
r e d u c i n g  n o n - l i n e a r i t y .  T h i s  i n c l u d e d  a n  a p p r a i s a l  o f  t h e  
i n f l u e n c e  o f  d o p a n t  l e v e l s  on  g a u g e  l i n e a r i t y  a n d  o t h e r  
f a c t o r s  c o n c e r n i n g  t h e  c o m p e n s a t i o n  f o r  n o n - l i n e a r i t y  b y  
e l e c t r o n i c  m e a n s .
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2 . 2  SEMICONDUCTOR STRAIN GAUGE BONDING
I n  c e r t a i n  r e s p e c t s ,  a s  S t e i n [ ^ 7 ]  o b s e r v e s ,  t h e
b o n d i n g  t e c h n i q u e s  e m p l o y e d  w i t h  s e m i c o n d u c t o r  s t r a i n  
g a u g e s  a r e  s i m i l a r  t o  t h o s e  e m p l o y e d  w i t h  m e t a l  f o i l  o r  
w i r e  g a u g e s  a n d  t h e r e  i s  a  r a n g e  o f  a d h e s i v e s  m a n u f a c t u r e d  
f o r  u s e  a t  d i f f e r e n t  t e m p e r a t u r e s .
L i k e  m e t a l  f o i l  o r  w i r e  s t r a i n  g a u g e s  s e m i c o n d u c t o r  
s t r a i n  g a u g e s  a r e  a v a i l a b l e  e i t h e r  w i t h  o r  w i t h o u t  a  
b a c k i n g  m a t e r i a l .  The  b a c k i n g  m a t e r i a l :
( a )  p r o v i d e s  f o r  b e t t e r  h a n d l i n g  o f  t h e  g a u g e
( b )  g i v e s  e l e c t r i c a l  i n s u l a t i o n  b e t w e e n  t h e  g a u g e  a n d
t h e  t e s t  s u r f a c e .
( c )  p r e s e n t s  a c o n v e n i e n t  s u r f a c e  f o r  b o n d i n g  t o  t h e
o b j e c t  u n d e r  t e s t .
I t  m u s t  f a i t h f u l l y  t r a n s m i t  t h e  s t r a i n  f r o m  t h e  t e s t  
s u r f a c e  v i a  t h e  a d h e s i v e  t o  t h e  s t r a i n  g a u g e  e l e m e n t .
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V a r i o u s  p r o p e r t i e s  a r e  r e q u i r e d  o f  t h e  b a c k i n g  
m a t e r i a l  i n  v i e w  o f  t h e s e  f u n c t i o n s .  T h e s e  i n c l u d e  g o o d  
s t a b i l i t y  w i t h  m in im u m  c r e e p ,  h i g h  s h e a r  m o d u l u s  t o  e n s u r e  
c o m p l e t e  t r a n s m i s s i o n  o f  s t r a i n ,  s t r e n g t h  a n d  f l e x i b i l i t y ,  
h i g h  i n s l u a t i o n  r e s i s t a n c e  a n d  g o o d  b o n d i n g  c h a r a c t e r i s t i c s  
s o  t h a t  t h e  a d h e s i v e  a d h e r e s  w e l l  w i t h  i t .  T h e r e  a r e  t h r e e  
b a s i c  t y p e s  o f  b a c k i n g  m a t e r i a l ,  e a c h  o f  t h e s e  h a s  i t s  own 
p r o p e r t i e s  a n d ,  t h u s ,  p a r t i c u l a r  a p p l i c a t i o n s .
( i )  E p o x y  b a c k i n g ;
G i v e s  g o o d  f r e e d o m  f r o m  p r o b l e m s  d u e  t o  c r e e p ,  
p r o v i d e s  h i g h  r i g i d i t y  b u t  i s  s o m e w h a t  b r i t t l e .
( i i ) G l a s s  f i b r e  r e i n f o r c e d  e p o x y - p h e n o l i c  b a c k i n g :
S i m i l a r  p r o p e r t i e s  t o  e p o x y  b a c k i n g  b u t  i t  c a n  b e  
u s e d  o v e r  a  w i d e r  r a n g e  o f  t e m p e r a t u r e s .
( i i i )  P o l y i m i d e  b a c k i n g :
I t  i s  v e r y  f l e x i b l e  a n d  t o u g h  y e t  s u i t a b l e  f o r  a  
w i d e  r a n g e  o f  t e m p e r a t u r e s .  T h i s  b a c k i n g  i s  w i d e l y  
u s e d  a n d  c a n  b e  e m p l o y e d  f o r  h i g h  l e v e l s  o f  s t r a i n .
As i n d i c a t e d  i n  s e c t i o n  1 . 4  s e m i c o n d u c t o r  s t r a i n  
g a u g e s  a r e  a l s o  m a n u f a c t u r e d  i n  a n  e n c a p s u l a t e d  f o r m .  ( I t  
w as  n o t e d  t h a t  m a n u f a c t u r e r s  d o  n o t  r e c o m m e n d  t h e  u s e  o f  
s o l v e n t  t h i n n e d  c e m e n t s  w i t h  t h e s e  g a u g e s  a s  t h e  i m p e r v i o u s  
s u b s t r a t e  d o e s  n o t  a l l o w  t h e  e s c a p e  o f  s o l v e n t  g a s e s  d u r i n g
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c u r e ) .  T h u s ,  a  b r i e f  s t u d y  w as  a l s o  m a d e  o f  b o n d i n g  u s i n g  
t h e s e ,  i n  a d d i t i o n  t o  b a c k e d  a n d  u n b a c k e d  g a u g e s .  S i n c e  
u n b a c k e d  g a u g e s  a r e  n o t  i n s u l a t e d  i t  i s  n e c e s s a r y  t o  a p p l y  
a  p r e - c o a t  o f  a d h e s i v e  t o  s u b s t r a t e s  w h i c h  a r e  e l e c t r i c a l l y  
c o n d u c t i n g .  M ore  c a r e  i s  a l s o  n e e d e d  i n  h a n d l i n g  a n d  i n  
b o n d i n g  u n b a c k e d  g a u g e s  d u e  t o  t h e i r  b r i t t l e n e s s .
G a u g e  m a n u f a c t u r e r s  f r e q u e n t l y  q u o t e  v a l u e s  f o r  
p r o p e r t i e s  s u c h  a s  t h e r m a l  c o e f f i c i e n t s  f o r  u n b o n d e d  
g a u g e s ,  a n d  t h e  b o n d i n g  a n d  b a s e  m a t e r i a l  c a n  s i g n i f i c a n t l y  
m o d i f y  s u c h  v a l u e s .  The  b e h a v i o u r  a n d  p e r f o r m a n c e  o f  s e m i ­
c o n d u c t o r  s t r a i n  g a u g e s  i s  a l s o  i n f l u e n c e d  b y  t h e  
p r o p e r t i e s  o f  t h e  a d h e s i v e .  I n  a d d i t i o n ,  a s  M o r d a n ^ ^ B ]  
e m p h a s i z e s ,  g a u g e  p e r f o r m a n c e  i s  c r i t i c a l l y  d e p e n d e n t  o n  
t h e  q u a l i t y  o f  t h e  i n s t a l l a t i o n .
2 . 3  INVESTIGATION OF THE BONDING OF SEMICONDUCTOR GAUGES
An i n v e s t i g a t i o n  o f  t h e  b o n d i n g  o f  t y p i c a l ,  u n b a c k e d  
a n d  e n c a p s u l a t e d  s t r a i n  g a u g e s  w a s  u n d e r t a k e n  u s i n g  v a r i o u s  
a d h e s i v e s  a n d  t h r e e  d i f f e r e n t  t y p e s  o f  s u b s t r a t e s .  S i m p l e ,  
o b l o n g  s h a p e d  g a u g e s ,  o f  t y p i c a l  s i z e  1 mm b y  0 . 2  mm, w e r e  
u s e d  a s  w e l l  a s  s m a l l  p i e c e s  o f  f o i l  w h i c h  w e r e  u s e d  i n  
p l a c e  o f  g a u g e s  ( t h u s  s a v i n g  t h e  c o s t  o f  e m p l o y i n g  many 
g a u g e s  f o r  t h e  i n v e s t i g a t i o n s ) .  L i q u i d  s y n t h e t i c  a d h e s i v e s  
w e r e  u s e d  a n d  t h e s e  w e r e  c h i e f l y  t h e r m o p l a s t i c  ( e . g .  
p o l y a c r y l a t e s )  o r  t h e r m o s e t t i n g  ( e . g .  e p o x i d e s  a n d  
p o l y e s t e r s ) .  A t o t a l  o f  10 a d h e s i v e s  w e r e  e x a m i n e d
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c o m p r i s i n g  3 p o l y e s t e r s ,  2 p o l y a c r y l a t e s ,  4 e x p o x i d e s  a n d  
a n  i n o r g a n i c  a d h e s i v e .  T h e  t h r e e  s u b s t r a t e s  e m p l o y e d  w e r e  
m e l a m i n e  s t r i p ,  a l u m i n i u m  s t r i p  a n d  s t a i n l e s s  s t e e l  s t r i p .  
The  l a t t e r  tw o  w e r e  n o r m a l  b r i g h t  f i n i s h  a n d  a l l  s u b s t r a t e s  
w e r e  i n i t i a l l y  d e g r e a s e d  u s i n g  a c e t o n e .
T h e  a d h e s i v e s  w e r e  a p p l i e d  u s i n g  a  s m a l l  s p a t u l a  a n d  
t h i n  c o a t e s  o f  a d h e s i v e  « 0 . 1  mm) w e r e  e m p l o y e d .  A n u m b e r  
o f  t h e  p o l y e s t e r  a n d  e p o x y - r e s i n  a d h e s i v e s  u s e d  w e r e  tw o -  
c o m p o n e n t  c e m e n t s .  T h e s e  w e r e  m i x e d  w i t h  c a r e f u l  c o n t r o l  
o f  b o t h  t h e  c o m p o s i t i o n  a n d  t h e  h o m o g e n e i t y  o f  t h e  m i x t u r e .  
I t  w as  g e n e r a l l y  f o u n d  t h a t ,  i n  a d d i t i o n  t o  t h e  c o n s t a n c y  
o f  a m b i e n t  t e m p e r a t u r e ,  t h e s e  f a c t o r s  i n f l u e n c e d  b o t h  t h e  
r e q u i r e d  c u r i n g  t i m e  a n d  t h e  q u a l i t y  o f  t h e  b o n d .  W h e re  
r e c o m m e n d e d ,  t h e  a m o u n t  o f  t h e  c a t a l y s t  w a s  d e c r e a s e d  b y  a  
f e w  p e r c e n t  f o r  a m b i e n t  t e m p e r a t u r e s  a b o v e  293K .
F o r  g a u g e s  w i t h  n o  b a c k i n g  i t  w a s  f o u n d  t h a t  a  t o t a l  
o f  3 t h i n  c o a t s  o f  a d h e s i v e  g a v e  t h e  m o s t  r e l i a b l e  b o n d  
( i . e .  a  s t r o n g  b o n d ,  f r e e  f r o m  a i r  b u b b l e s ) .  T h i s  i n v o l v e d  
u s i n g  a  p r e - c o a t ,  t o  p r o v i d e  e l e c t r i c a l  i n s u l a t i o n  o n  t h e  
s t e e l  a n d  a l u m i n i u m  s u b s t r a t e s ,  a n d  a p p l y i n g  a  s e c o n d  c o a t  
a f t e r  a l l o w i n g  t h e  f i r s t  c o a t  t o  c u r e  a n d  c h e c k i n g  t h a t  i t  
w a s  c l e a n .  B e f o r e  t h e  s e c o n d  c o a t  w a s  d r y  t h e  g a u g e s  w e r e  
p l a c e d  i n  p o s i t i o n  a n d  g e n t l e  b u t  f i r m  p r e s s u r e  a p p l i e d  
u s i n g  a  t h i n  r u b b e r  s t r i p  t o  p r o v i d e  u n i f o r m  d i s t r i b u t i o n .  
When t h e  s e c o n d  c o a t  o f  a d h e s i v e  w as  d r y  a  f u r t h e r  c o a t  w a s  
a p p l i e d  t o  p r o v i d e  p r o t e c t i o n .  T h i s  c o v e r e d  t h e  g a u g e  u p  
t o  t h e  c o n n e c t i n g  l e a d s ,  w h i c h  w e r e  k e p t  c l e a r  o f  t h e
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s u b s t r a t e  s u r f a c e .  Of t h e  t h r e e  c o a t s  a p p l i e d  t h e  t h i r d  
c o a t  w a s  v e r y  s l i g h t l y  t h i c k e r .
I n  t h e  c a s e  o f  t h e  b a c k e d  a n d  e n c a p s u l a t e d  g a u g e s  
a n d  t h e  f o i l  t e s t  s t r i p s  o n l y  tw o  c o a t s  o f  a d h e s i v e  w e r e  
e m p l o y e d .  ( F o r  som e o t h e r  t e s t s  o f  b o n d  s t r e n g t h  o n l y  1 
c o a t  w a s  u s e d ) .  T h e s e  c o a t s  w e r e  a l l  s o m e w h a t  l e s s  t h a n  
0 . 1  mm t h i c k  a n d ,  a s  f o r  t h e  u n b a c k e d  g a u g e s ,  t w e e z e r s  w e r e  
u s e d  t o  p o s i t i o n  t h e  g a u g e s  a n d  t h e  f o i l  s t r i p s .  W h e r e  
a p p r o p r i a t e ,  a n d  i n  o r d e r  t o  m i n i m i s e  p o s s i b l e  p r e s t r a i n s  
( s e e  s e c t i o n  2 . 4 )  b o n d s  w e r e  c u r e d  a t  ro o m  t e m p e r a t u r e  f o r  
t h e  s p e c i f i e d  t i m e .  I f  n o  s p e c i f i e d  t i m e  w a s  g i v e n  b y  t h e  
m a n u f a c t u r e r  a  p e r i o d  o f  24 h o u r s  was  a l l o w e d  f o r  c u r i n g ,  
p r i o r  t o  t e s t s  b e i n g  u n d e r t a k e n .  E l e c t r i c a l  c o n n e c t i o n s  t o  
t h e  s t r a i n  g a u g e  l e a d s  w e r e  m a de  u s i n g  l o w  t e m p e r a t u r e  
s o l d e r  a n d  a  v a r i a b l e  t e m p e r a t u r e ,  t h e r m o s t a t i c  s o l d e r i n g  
i r o n .  O b s e r v a t i o n  o f  t h i s  p r o c e s s  was  f a c i l i t a t e d  b y  t h e  
u s e  o f  a n  i l l u m i n a t e d  m a g n i f i e r  ( x 5 ) .
A f t e r  a l l o w i n g  a n  a g e i n g  p e r i o d  o f  100 h o u r s ,  
e x a m i n a t i o n s  a n d  t e s t s  w e r e  u n d e r t a k e n  c o n c e r n i n g  t h e  
q u a l i t y  o f  t h e  b o n d i n g  f o r  t h e  d i f f e r e n t  a d h e s i v e s ,  
s u r f a c e s  a n d  s t r a i n  g a u g e s  ( i n c l u d i n g  t h e  f o i l  s t r i p s  u s e d  
a s  dummy g a u g e s ) .  V i s u a l  i n s p e c t i o n s  o f  g l u e  l i n e s  w e r e  
c a r r i e d  o u t  w i t h  t h e  a i d  o f  a  m i c r o s c o p e  a n d  s p o t  c h e c k s  o f  
a d h e s i v e  t h i c k n e s s  w e r e  u n d e r t a k e n  u s i n g  a d i a l  g a u g e  
( r e a d i n g  t o  0 . 0 1  mm).  T h i s  p r o v i d e d  i n f o r m a t i o n  a b o u t  t h e  
p r e s e n c e  o f  a i r  b u b b l e s  o r  f l a w s  i n  t h e  b o n d  a n d  t h e  
u n i f o r m i t y  o f  t h e  b o n d  t h i c k n e s s .
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A f u r t h e r  t e s t  i n v o l v e d  c u t t i n g  t h r o u g h  o n e  e n d  o f  
t h e  b o n d  a n d  t h e n  g r a d u a l l y  p e e l i n g  t h e  s t r a i n  g a u g e  o f f  
t h e  s u b s t r a t e .  T h e  e a s e  o f  p e e l i n g  a n d  t h e  s u r f a c e  
a p p e a r a n c e  o f  t h e  p e e l e d  a r e a  ( i . e .  t h e  a m o u n t  o f  r e s i d u e  
o n  t h e  s u b s t r a t e  a n d  t h e  u n i f o r m i t y  o f  a d h e s i o n )  p r o v i d e d  
q u a l i t a t i v e  i n f o r m a t i o n  c o n c e r n i n g  t h e  c o n d i t i o n  o f  t h e
b o n d .  T h e r e  w e r e  n o  f a c i l i t i e s  a v a i l a b l e  t o  c a r r y  o u t  a  
maximum e l o n g a t i o n  t e s t ,  w h i c h  w o u l d  a l s o  r e v e a l  r e g i o n s  o f  
w e a k  o r  i n c o m p l e t e  a d h e s i o n .  H o w e v e r ,  i n  a n  a t t e m p t  t o  
e s t i m a t e  t h e  d i s t o r t i o n  o r  d i m e n s i o n a l  c h a n g e  u n d e r  
s u s t a i n e d  l o a d i n g  ( c r e e p ) , u n b a c k e d  g a u g e s  w e r e  b o n d e d  t o  
t h e  sam e s t e e l  s t r i p ,  w i t h  e a c h  o f  t h e  d i f f e r e n t  a d h e s i v e s  
a n d  a  l o a d  a p p l i e d  w h i c h  g a v e  a  t e n s i l e  s t r a i n  t o  t h e  
s t r i p .  R e s i s t a n c e  r e a d i n g s  w e r e  t a k e n  w i t h  a  d i g i t a l  m e t e r  
( -  0 . 0 1  o h m s )  h a l f  h o u r l y  f o r  6 h o u r s  t h e n  h o u r l y  f o r  4 
h o u r s .  T h e  t e m p e r a t u r e  w as  m a i n t a i n e d  a t  2 9 3  ( - l ) K  
t h r o u g h o u t .  As w i l l  b e  o u t l i n e d ,  n o n e  o f  t h e  t h e r m o s e t t i n g  
a d h e s i v e s  d i s p l a y e d  a n y  d e t e c t a b l e  c r e e p .
To o b t a i n  f u r t h e r  i n f o r m a t i o n  a b o u t  t h e  q u a l i t y  o f  
b o n d i n g  f o r  t h e  3 d i f f e r e n t  s u b s t r a t e s  a n d  10 a d h e s i v e s ,
b a c k e d  g a u g e s  e a c h  h a d  t h e i r  r e s i s t a n c e  m e a s u r e d  w i t h  
a n d  w i t h o u t  a  r u b b e r  r o d  b e i n g  g e n t l y  p r e s s e d  o n  t h e i r  
a c t i v e  s u r f a c e .  T h i s  s h o r t  a n d  s l i g h t l y  p o i n t e d  r o d  w a s  
c h o s e n  b e c a u s e  o f  i t s  h i g h  e l a s t i c i t y  a n d  lo w  t h e r m a l  
c o n d u c t i v i t y .  I n  t h e  c a s e s  w h e r e  t h e r e  w as  a  d i f f e r a n c e  
b e t w e e n  t h e  tw o  r e a d i n g s  t h e  g a u g e  w as  c u t  a n d  c a r e f u l l y
p e e l e d  f r o m  t h e  s u b s t r a t e  t h e n  t h e  b o n d  w as  e x a m i n e d  w i t h
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t h e  a i d  o f  a  m i c r o s c o p e .  I t  w a s  g e n e r a l l y  f o u n d  t h a t  t h e r e  
w e r e  e i t h e r  s m a l l  a i r  b u b b l e s  p r e s e n t  o r  d i s c o n t i n u i t i e s  i n  
t h e  b o n d  b e t w e e n  g a u g e  a n d  s u b s t r a t e .  T h u s ,  t h i s  s i m p l e  
t e s t  c o u l d  h e l p  t o  i d e n t i f y  p o s s i b l e  f l a w s  i n  b o n d s  w i t h o u t  
t h e  n e e d  t o  d i s t u r b  t h e  b o n d .
F i n a l l y ,  u s i n g  b o t h  f o i l  dummy g a u g e s  a n d  u n b a c k e d  
g a u g e s ,  a  t e s t  w as  c a r r i e d  o u t  on  t h e  r e s i s t a n c e  o f  t h e  
i n s u l a t i o n  ( a d h e s i v e )  f o r  b o t h  s t e e l  a n d  a l u m i n i u m  
s u b s t r a t e s .  T h i s  w a s  u n d e r t a k e n  b y  c o n n e c t i n g  o n e  s i d e  o f  
a  d i g i t a l  o h m m e t e r  t o  o n e  o f  t h e  g a u g e  c o n n e c t i o n s  ( o r  t h e  
t o p  o f  o n e  s i d e  o f  t h e  f o i l  dummy g a u g e )  a n d  t h e  o t h e r  t o  
t h e  m e t a l  s u b s t r a t e .  I t  w a s  f o u n d  t h a t ,  f o r  a  p r o p e r l y  
b o n d e d  g a u g e ,  t h e  r e s i s t a n c e  w as  g e n e r a l l y  i n  e x c e s s  o f  
lOOMfi a t  r o o m  t e m p e r a t u r e .
2 . 4  RESULTS, COMMENTS AND SUGGESTIONS
CONCERNING BONDING
As S h i e l d s  [ 4 9 ]  p o i n t s  o u t ,  t h e  p e e l  s t r e n g t h  o f  
a d h e s i v e s  i n c r e a s e s  w i t h  a d h e r e n d  t h i c k n e s s  a n d  a d h e s i v e  
t h i c k n e s s ,  b u t  d e c r e a s e s  w i t h  i n c r e a s e  i n  t h e  m o d u l u s  o f  
e l a s t i c i t y  o f  t h e  a d h e s i v e .  B r i t t l e  a d h e s i v e s  w i t h  h i g h  
t e n s i l e  s t r e n g t h s  h a v e  lo w  p e e l  s t r e n g t h s .  F o r  g a u g e s  o f  
t h e  s a m e  s u r f a c e  a r e a ,  b o n d e d  w i t h  t h e  s a m e  g l u e  l i n e  
t h i c k n e s s ,  i t  w as  g e n e r a l l y  f o u n d ,  f o r  t h e  a d h e s i v e s  
e x a m i n e d ,  t h a t  s t e e l  a d h e r e n d  g a v e  a  h i g h e r  p e e l  s t r e n g t h
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t h a n  e i t h e r  a l u m i n i u m  o r  m e l a m i n e  ( t h e  l a t t e r  g e n e r a l l y  
b e i n g  t h e  l o w e s t ) .
Of t h e  a d h e s i v e s  t e s t e d  i t  w as  f o u n d  t h a t  t h e  e p o x y ­
r e s i n  a n d  p o l y e s t e r  a d h e s i v e s  ( t h e r m o s e t t i n g )  a l l  g a v e  
a c c e p t a b l e  b o n d i n g  p e r f o r m a n c e ,  a s  d i d  t h e  p o l y a c r y l a t e  
a d h e s i v e s  ( t h e r m o p l a s t i c ) .  H o w ev er t h e  l a t t e r ,  w h i c h  w e r e  
c y a n o a c r y l a t e s ,  w e r e  h y g r o s c o p i c  a n d  d i s p l a y e d  a  v e r y  s m a l l  
d e g r e e  o f  c r e e p  a t  ro o m  t e m p e r a t u r e .  T h e  i n o r g a n i c  
a d h e s i v e  w a s  g e n e r a l l y  f o u n d  t o  g i v e  a c c e p t a b l e  b o n d i n g  
p e r f o r m a n c e  b u t  w a s  f a r  l e s s  c o n v e n i e n t  i n  u s e  a n d  s o m e w h a t  
v i s c o u s .  N e v e r t h e l e s s ,  i t  w as  u s e d  f o r  a  p a r t i c u l a r  
a p p l i c a t i o n  i n  a  s u b s e q u e n t  i n v e s t i g a t i o n  b e c a u s e  i t s  
t h e r m a l  e x p a n s i v i t y  c l o s e l y  m a t c h e d  t h a t  o f  a  p a r t i c u l a r  
( m e t a l )  s u b s t r a t e .
T h e  e p o x y - r e s i n  a d h e s i v e s  g e n e r a l l y  h a d  r e c o m m e n d e d  
c u r i n g  t e m p e r a t u r e s  a b o v e  r o o m  t e m p e r a t u r e  a n d ,  a s  
P a r k i n s [5 0 ]  h a s  s h o w n ,  t h i s  c a n  r e s u l t  i n  i n d u c e d  
p r e s t r a i n s  o n  t h e  b o n d e d  g a u g e s  w hen  t h e y  r e t u r n  t o  r o o m  
t e m p e r a t u r e .  M o r e o v e r ,  W a k e [ 5 1 ]  r e p o r t s  t h a t  s t r o n g  
s u n l i g h t  h a s  a  d e t e r i o r a t i n g  e f f e c t  o n  m a n y  p o l y m e r s ,  
i n c l u d i n g  e p o x i d e s .  T h u s ,  p o l y e s t e r  a d h e s i v e s  a r e
s u g g e s t e d  a s  b e i n g  g e n e r a l l y  m o r e  s u i t a b l e  f o r  b o n d i n g  
s e m i c o n d u c t o r  s t r a i n  g a u g e s .  One o f  t h e s e ,  w i t h  t h e  t r a d e  
d e s i g n a t i o n  " P 2 " ,  g a v e  o n e  o f  t h e  t h i n n e s t  g l u e  l i n e s  a n d  
t h e  f e w e s t  a i r  b u b b l e s .  I t  w a s  t h u s  a d o p t e d  f o r  u s e  i n  t h e  
s u b s e q u e n t  i n v e s t i g a t i o n s  o f  t h e  p e r f o r m a n c e ,  p r o p e r t i e s  
a n d  u s e s  o f  s e m i c o n d u c t o r  s t r a i n  g a u g e s .  I t  w a s
46
i n t e r e s t i n g  t h a t  t h i s  a d h e s i v e  i s  c l a i m e d  b y  t h e  
m a n u f a c t u r e r  t o  h a v e  h i g h  m o i s t u r e  r e s i s t a n c e  a n d  a 
r e l a t i v e l y  h i g h  o p e r a t i n g  t e m p e r a t u r e .  H o w e v e r ,  a s
P o p l e [ 5 2 ]  h a s  p o i n t e d  o u t ,  w i t h  r e g a r d  t o  p o l y e s t e r  
a d h e s i v e s  u s e d  f o r  s t r a i n  g a u g e s ,  t h e r e  may b e  a  n e e d  f o r  
t h e r m a l  a g e i n g  ( i . e .  a  p o s t - c u r e  p e r i o d  a t  a  t e m p e r a t u r e  
e l e v a t e d  a b o v e  t h e  o p e r a t i n g  t e m p e r a t u r e )  t o  a v o i d  z e r o  
s h i f t  p r o b l e m s  w h e n  t h e  g a u g e  i s  s u b s e q u e n t l y  e m p l o y e d .
T h e  a d v a n t a g e s  o f  b a c k e d  o r  e n c a p s u l a t e d  s e m i ­
c o n d u c t o r  s t r a i n  g a u g e s ,  i n  t e r m s  o f  e a s i e r  h a n d l i n g  a n d  
b o n d i n g ,  m u s t  b e  s e t  a g a i n s t  t h e  h i g h e r  s t r a i n  s e n s i t i v i t y  
o f  u n b a c k e d  g a u g e s .  I n  r e s p e c t  o f  t h e  a c t u a l  b o n d i n g  
i t s e l f  n o  s i g n i f i c a n t  d i f f e r e n c e  w a s  f o u n d  b e t w e e n  a n y  o f  
t h e  g a u g e s  e m p l o y e d ,  a l t h o u g h  t h e  u n b a c k e d  g a u g e s  h a d  a  
s o m e w h a t  s m a l l e r  a r e a  o f  c o n t a c t  t h a n  c o r r e s p o n d i n g  b a c k e d  
o r  e n c a p s u l a t e d  g a u g e s .
2 . 5  FURTHER OBSERVATIONS CONCERNING BONDING
T he e f f e c t s  o f  s t r a i n  d u e  t o  d i f f e r e n c e s  i n  t h e  
c o e f f i c i e n t s  o f  t h e r m a l  e x p a n s i v i t y  o f  t h e  s e m i c o n d u c t o r  
s t r a i n  g a u g e  a n d  m a t e r i a l  u n d e r  i n v e s t i g a t i o n ,  m u s t  b e  
c a r e f u l l y  c o n s i d e r e d  a s  m u s t  t h e  t y p e  o f  a d h e s i v e  u s e d .  
F i g u r e  2 . 5 . 1  i l l u s t r a t e s ,  t h e  s i t u a t i o n  w h en  a  s t r a i n  g a u g e  
i s  b o n d e d  a t  a n  i n i t i a l  p r e - c o m p r e s s i o n  e w h i c h ,  a f t e r  
b o n d i n g  i s  c o m p l e t e ,  c h a n g e s  t o  ( d u e  t o  t h e  d i f f e r e n c e s
i n  t h e  c o e f f i c i e n t s  o f  t h e r m a l  e x p a n s i v i t y ) .
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Bonded sem ico n d u c to r 
s t r a i n  gauge
p re -o o m p re ss io n
— P
C om pressive
s t r a i n
T e n s i le
s t r a i n
P r e - c o m p r e s s i o n  E f f e c t  o n  S t r a i n  G auge .
F i g u r e  2 . 5 . 1
S o l d e r  g l a s s  b o n d i n g ,  . u s i n g  c o m p a r a t i v e l y  l o w  
m e l t i n g  p o i n t  p o w d e r e d  g l a s s  m i x e d  w i t h  a  s o l v e n t  
s u s p e n s i o n  m e d i u m ,  c a n  b e  e m p l o y e d  t o  b o n d  s e r a i c o n d u t o r  
s t r a i n  g a u g e s  t o  m e t a l s .  T h e  g l a s s  f r i t  i s  h e a t e d  
p r o g r e s s i v e l y  a b o v e  t h e  s o f t e n i n g  t e m p e r a t u r e  o f  t h e  g l a s s  
w h i c h  t h e n  f l o w s  a n d  f i n a l l y ,  a t  a  h i g h e r  t e m p e r a t u r e ,  t h e  
g l a s s  d e v i t r i f i e s .  As a  r e s u l t ,  t h e  s t r a i n  g a u g e ,  w h i c h  i s
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p l a c e d  o n  t o p  o f  t h e  g l a s s  f r i t ,  i s  b o n d e d  t o  t h e  m e t a l  
s u r f a c e  u n d e r  i n v e s t i g a t i o n .  I n i t i a l  h e a t i n g  e v a p o r a t e s  
t h e  s o l v e n t  s u s p e n s i o n  m e d iu m  a n d ,  d u r i n g  c u r i n g ,  t h e  g l a s s  
c r y s t a l l i s e s .  H o w e v e r ,  s i n c e  t h e  b o n d i n g  o c c u r s  a t  a n  
e l e v a t e d  t e m p e r a t u r e  ( o v e r  670 K, i n  g e n e r a l . )  t h e n  t h e  
g a u g e  i s  s u b j e c t e d  t o  a  c o m p r e s s i v e  p r e s t r a i n  w h e n  c o o l e d ,  
b e c a u s e  m o s t  m e t a l s  h a v e  a  c o e f f i c i e n t  o f  t h e r m a l
e x p a n s i v i t y  s o m e w h a t  g r e a t e r  t h a n  s i l i c o n .  I n  t h e  c a s e  o f  
som e m e t a l s  t h e  r e s u l t i n g  c o m p r e s s i v e  p r e s t r a i n  o n  t h e  
g a u g e  may a p p r o a c h  400 0  \i s t r a i n .  I n  a d d i t i o n ,  t h e  
e l e v a t e d  t e m p e r a t u r e  r e q u i r e d  m e a n s  t h a t  som e m e t h o d s  o f  
a t t a c h i n g  c o n n e c t i n g  l e a d s  t o  t h e  g a u g e  c a n n o t  b e  e m p l o y e d .  
N e v e r t h e l e s s ,  t h e  t e c h n i q u e  p r o v i d e s  b o n d i n g  w i t h  g o o d  
r e p e a t a b i l i t y ,  a n d  t h e  g a u g e  h y s t e r e s i s  i s  a l m o s t  z e r o .  
When u s e d  f o r  m e t a l s  w i t h  l o w  c o e f f i c i e n t s  o f  t h e r m a l
e x p a n s i v i t y ,  p a r t i c u l a r l y  c e r t a i n  a l l o y s ,  t h e  c o m p r e s s i v e  
p r e s t r a i n  i s  a l s o  o f  a  l o w e r  m a g n i t u d e .
B o n d i n g  o f  s e m i c o n d u c t o r  s t r a i n  g a u g e s  u s i n g  a n
e l e c t r o s t a t i c  t e c h n i q u e  h a s  b e e n  s u c c e s s f u l l y  e m p l o y e d  i n  
r e c e n t  y e a r s .  T h i s  u s e s  a  v e r y  t h i n  w a f e r  o f  i n o r g a n i c
g l a s s ,  w h i c h  i s  h i g h l y  p o l i s h e d ,  s a n d w i c h e d  b e t w e e n  t h e  
g a u g e  a n d  t h e  m e t a l  s u r f a c e  u n d e r  t e s t ,  A h i g h  e l e c t r i c  
f i e l d  w h i c h  p r o d u c e s  im m e n s e  f o r c e s  o f  a t t r a c t i o n  i s  
a p p l i e d  a c r o s s  t h e  a s s e m b l y  a t  t h e  sam e  t i m e  h e a t i n g  i s  
a l s o  a p p l i e d .  The  r e s u l t  i s  a  v e r y  t h i n ,  h i g h  q u a l i t y  b o n d  
w h i c h  i s  a c h i e v e d  a t  a  s o m e w h a t  lo w e r  t e m p e r a t u r e  t h a n  
w o u l d  o t h e r w i s e  b e  p o s s i b l e .  M o r e o v e r ,  t h e  u n i t s  h a v e  
a l m o s t  p e r f e c t  m e c h a n i c a l  a n d  t h e r m a l  r e p e a t a b i l i t y ,  v e r y
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h i g h  l o n g - t e r m  s t a b i l i t y  a n d  z e r o  h y s t e r e s i s .  H o w e v e r ,  t h e  
p r o c e s s  r e q u i r e s  v e r y  p r e c i s e  c o n t r o l ,  s p e c i a l  c o m p o n e n t s ,  
s t r a i n  g a u g e s  w i t h  o p t i c a l l y  f l a t  b a c k s ,  a n d  v e r y  h i g h  
s u r f a c e  c l e a n l i n e s s  o f  g a u g e ,  w a f e r  a n d  t e s t  s u r f a c e .  T h u s  
i t  i s  e x p e n s i v e  a n d  i s  c u r r e n t l y  o n l y  u s e d  f o r  s p e c i a l  
a p p l i c a t i o n s ,  s u c h  a s  t h o s e  i n  t h e  a e r o s p a c e  t e s t i n g  
i n d u s t r y .
2 . 6  SEMICONDUCTOR STRAIN GAUGE LINEARITY
U n l i k e  m e t a l  f o i l  o r  w i r e  s t r a i n  g a u g e s ,  t h e  s t r a i n  
s e n s i t i v i t y  o f  s e m i c o n d u c t o r  s t r a i n  g a u g e s  v a r i e s  
s i g n i f i c a n t l y  w i t h  t h e  m a g n i t u d e  o f  t h e  a p p l i e d  s t r a i n ,  
t h a t  i s ,  t h e  r e s i s t a n c e  c h a n g e  v e r s u s  a p p l i e d  s t r a i n  
c h a r a c t e r i s t i c  c a n  b e  n o t i c e a b l y  n o n - l i n e a r ,  a s  i n d i c a t e d  
e a r l i e r  ( f i g u r e  1 . 3 . 4 ) .
I n  t h e  c a s e  o f  a  s e m i c o n d u c t o r  s t r a i n  g a u g e  
s u b j e c t e d  t o  a  s t r a i n  e ,  a t  a  c o n s t a n t  t e m p e r a t u r e ,  t h e  
c h a n g e  i s  r e s i s t a n c e  dR c o m p a r e d  t o  t h e  u n s t r a i n e d  
r e s i s t a n c e  R,  may  b e  e x p r e s s e d  g e n e r a l l y  a s  a  p o l y n o m i a l  o f  
t h e  f o r m :
2 3
d R /R  = Cj e + C2 E + C3 6 + ...............  2 . 6 . 1
3
H o w e v e r ,  a t  p r a c t i c a l  l e v e l s  o f  s t r a i n  t h e  e t e r m ,  a n d  
h i g h e r  o r d e r s  o f  s t r a i n ,  m a k e  n e g l i g i b l e  c o n t r i b u t i o n s  a n d  
c a n  b e  i g n o r e d .
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T h u s  e q u a t i o n  2 . 6 , 1  m a y  b e  a p p r o x i m a t e d  t o ;
2
d R / R  = CiE + C2 E 2 . 6 . 2
T h e  t e r r a s  Cj , C2 a n d  C 3 a r e  c o n s t a n t s  f o r  a 
p a r t i c u l a r  s e m i c o n d u c t o r .  F o r  n - t y p e  s i l i c o n ,  w h i c h  h a s  a  
maximum s e n s i t i v i t y  a l o n g  t h e  [ 1 0 0 ] d i r e c t i o n ,  a t  r o o m  
t e m p e r a t u r e  t y p i c a l  v a l u e s  ( f o r  l i g h t l y  d o p e d  m a t e r i a l )  
a r e  C} = -  125  a n d  C2 = 2 6 , 0 0 0 .  F o r  n - t y p e  g e r m a n i u m ,
w h i c h  h a s  maximum s e n s i t i v i t y  a l o n g  t h e  [ 1 1 1 ] d i r e c t i o n ,  
t y p i c a l  v a l u e s  ( f o r  l i g h t l y  d o p e d  m a t e r i a l )  a r e  Cj = - 1 4 9  
a n d  C2 = 5 2 , 6 0 0  a t  r o o m  t e m p e r a t u r e .
T h e  v a l u e  o f  Cj f o r  p - t y p e  s i l i c o n  i s  p o s i t v e  f o r  
l i g h t l y  d o p e d  m a t e r i a l  a n d  t y p i c a l  v a l u e s  a r e  C| = 175  
a n d  C2 = 7 2 , 6 2 5 .  A t  h i g h  l e v e l s  o f  d o p i n g  ( e . g .  s u c h  t h a t  
t h e  r e s i s t i v i t y  i s  a b o u t  2 x l O ”  fim) t y p i c a l  v a l u e s  
a r e  = 119  a n d  C2 = 4 , 0 0 0 .  R e s e a r c h [ ^ ^ ]  h a s  s h o w n  t h a t ,  
o v e r  a  w i d e  r a n g e  o f  d o p i n g  l e v e l s  a n d  a p p l i e d  s t r a i n s ,  p -  
t y p e  s i l i c o n  s t r a i n  g a u g e s  d i s p l a y  a  s m a l l e r  d e v i a t i o n  f r o m  
l i n e a r i t y  t h a n  n - t y p e .  The  p a r a b o l a  s h o w n  d o t t e d  i n  f i g u r e
2 . 6 . 1  r e p r e s e n t s  e q u a t i o n  2 . 6 . 2  a n d  t h e  b o l d  l i n e  s h o w s  a  
t y p i c a l  g a u g e  c h a r a c t e r i s t i c .
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d R / R
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gaugeVO
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C cirp ress io n T en sio n
S t r a i n  (y s t r a i n )
R e l a t i v e  R e s i s t a n c e  c h a n g e  a s  
a  f u n c t i o n  o f  s t r a i n
F i g u r e  2 . 6 . 1
T he  e t e r m  i n  e q u a t i o n  2 . 6 . 2  b e c o m e s  s i g n i f i c a n t
a t  f i n i t e  l e v e l s  o f  s t r a i n  a n d  t h u s ,  i f  c o m m e n c i n g  w i t h  a
r e s i s t a n c e  n o t  e q u a l  t o  R,  f o r  a n  u n s t r a i n e d  g a u g e
c o n d i t i o n ,  t h e  s l o p e  ( i . e .  g a u g e  f a c t o r  k )  a t  t h a t  p o i n t  o n  
t h e  a b o v e  c u r v e  w o u l d  n o t  b e  t h e  s a m e .  S i m i l a r l y ,  c a r e
s h o u l d  b e  t a k e n  w hen  i n t e r p r e t i n g  s t r a i n  s e n s i t i v i t y  c u r v e s  
( s u c h  a s  f i g u r e s  1 . 3 . 4  a n d  1 . 3 . 5  i n  C h a p t e r  1) b e c a u s e  t h e  
g a u g e  c o u l d  a l r e a d y  b e  s u b j e c t e d  t o  a  p r e s t r a i n  a s  a  r e s u l t
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o f  t h e  b o n d i n g  t e c h n i q u e  u s e d .  As i n d i c a t e d  i n  s e c t i o n  
2 . 5 , t h i s  i s  d u e  t o  t h e  d i f f e r e n c e  i n  t h e  c o e f f i c i e n t s  o f  
t h e r m a l  e x p a n s i v i t y  b e t w e e n  t h e  g a u g e  a n d  t h e  s u r f a c e  u n d e r  
t e s t .  T he  m a g n i t u d e  o f  t h i s  e f f e c t  c a n  b e  d e t e r m i n e d  b y  
c o m p a r i n g  t h e  s t a t i c  r e s i s t a n c e  o f  t h e  b o n d e d  s t r a i n  g a u g e  
t o  i t s  s t a t i c  r e s i s t a n c e  p r i o r  t o  b o n d i n g  ( a t  t h e  s am e  
t e m p e r a t u r e )  a n d  u s i n g  t h i s  d i f f e r e n c e  t o  e s t i m a t e  t h e
p r e s t r a i n .
T h e  d e g r e e  o f  n o n - l i n e a r i t y  c a n  b e  s i g n i f i c a n t l y  
r e d u c e d  b y  e m p l o y i n g  h i g h e r  l e v e l s  o f  d o p i n g  ( e . g .
2  If 3
f o r  p - t y p e  s i l i c o n  >  10  i m p u r i t y  a t o m s  ) w i t h
c o r r e s p o n d i n g  r e d u c t i o n s  i n  g a u g e  r e s i s t i v i t y .  As a  r e s u l t  
o f  t h i s  t h e  v a l u e s  o f  t h e  c o n s t a n t s  i n  e q u a t i o n  2 . 6 . 2  a r e  
r e d u c e d ,  a s  g i v e n  e a r l i e r ,  a n d  a  m o re  l i n e a r  r e l a t i o n s h i p  
i s  t h u s  a c h i e v e d  ( i . e .  t h e  l o w e r  t h e  r e s i s t i v i t y  t h e  b e t t e r  
t h e  l i n e a r i t y ) .
N o n - l i n e a r i t i e s  o f  much l e s s  t h a n  -  0 . 0 1 %  ( o v e r
1000 y s t r a i n )  a r e  now a t t a i n a b l e .  I n  g e n e r a l ,  g a u g e s  
m a n u f a c t u r e d  f r o m  p - t y p e  m a t e r i a l  a r e  m o r e  l i n e a r  t h a n  
t h o s e  m ade  f r o m  n - t y p e  m a t e r i a l .  H o w e v e r ,  g a u g e s  m a d e  f r o m  
n - t y p e  m a t e r i a l  a r e  s l i g h t l y  m o r e  l i n e a r  i n  c o m p r e s s i o n .
I n  m any  s t r e s s  a n a l y s i s  c o n t e x t s  q u a r t e r  b r i d g e  
c i r c u i t s  a r e  u s e d ,  w h i c h  m e a n s  t h a t  n o n - l i n e a r i t y  c o u l d
w e l l  b e  p a r t i c u l a r l y  n o t i c e a b l e .  N e v e r t h e l e s s ,  b e c a u s e  
s t r a i n  l e v e l s  i n  t h i s  c o n t e x t  t e n d  t o  b e  lo w  a n d  n o n -  
l i n e a r i t y  i s  u s u a l l y  n o t i c e a b l e  o n l y  a t  s t r a i n  l e v e l s  a b o v e
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1 0 0 0  u s t r a i n ,  t h i s  i s  g e n e r a l l y  n o t  a  s i g n i f i c a n t  p r o b l e m  
w i t h  m o d e r n  s e m i c o n d u c t o r  g a u g e s  u s i n g  h i g h e r  d o p i n g  l e v e l s  
( s e e  f i g u r e  2 . 6 . 2 ) .
0 .8
Unbonded gauge
0 .4
T en sio n
2000 4000
( ya s t r a i n )
S t r a i n
- 0 .4
A
A-B Cannon o v e r a l l  ra n g e  o f  u se  f o r  
s in g le  gauge
R e s i s t a n c e  C h a n g e  V e r s u s  S t r a i n  f o r  
h e a v i l y  d o p e d  p - t y p e  S i l i c o n  ( a t  293K)
F i g u r e  2 . 6 . 2
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I f  f u l l y  a c t i v e  o r  h a l f  a c t i v e  W h e a t s t o n e  b r i d g e  
c i r c u i t s  a r e  e m p l o y e d  t h e n ,  b y  c a n c e l l a t i o n  o f  t h e  n o n ­
l i n e a r  t e r m s  i n  t h e  t r a n s f e r  f u n c t i o n ,  som e d e g r e e  o f
c o m p e n s a t i o n  f o r  n o n - l i n e a r i t y  c a n  b e  a c h i e v e d .  
M a n u f a c t u r e r s  o f  t r a n s d u c e r s  u s i n g  s e m i c o n d u c t o r  s t r a i n  
g a u g e s  c u r r e n t l y  c l a i m  t h a t ,  d e p e n d i n g  on  m e c h a n i c a l  
d e s i g n ,  n o n - l i n e a r i t i e s  o f  0 . 0 5 %  f u l l  s c a l e ,  o r  l e s s ,  c a n  
q u i t e  r e a d i l y  b e  a t t a i n e d  i n  t h i s  w a y .
A c c o u n t  m u s t  a l s o  b e  t a k e n  o f  t h e  i n h e r e n t  n o n -  
l i n e a r i t y  o f  t h e  e l e c t r i c a l  o u t p u t  o f  W h e a t s t o n e  b r i d g e  
c i r c u i t s  -  p a r t i c u l a r l y  w h e r e  4 s t r a i n  g a u g e s  a r e  u s e d  a n d  
2 a r e  s u b j e c t e d  t o  much l o w e r  a p p l i e d  s t r a i n s  ( e . g .  
" d i a p h r a g m "  t y p e  p r e s s u r e  t r a n s d u c e r s ) .  A l t h o u g h  t h i s  n o n -  
l i n e a r i t y  i s  g e n e r a l l y  n e g l i g i b l e  i t  i s  n o t  s o  w h e n  l a r g e  
a s y m m e t r i e s  b e t w e e n  g a u g e s  e x i s t ,  a n d  i t  i s  m o r e  
s i g n i f i c a n t  i n  t h e  c a s e  o f  s e m i c o n d u c t o r  g a u g e s  a l s o  
b e c a u s e  o f  t h e i r  g r e a t e r  s t r a i n  s e n s i t i v i t y .  The  m a g n i t u d e  
o f  t h e  e l e c t r i c a l  n o n - l i n e a r i t y  c a n  b e  c a l c u l a t e d  ( s e e  
s e c t i o n  3 . 4 )  a n d  t h e n  a l l o w a n c e  made f o r  t h i s .  I t  i s  
i n t e r e s t i n g  t h a t  t h e  b a s i c  n o n - l i n e a r i t y  o f  t h e  W h e a t s t o n e  
b r i d g e  c i r c u i t  c a n  b e  e x p l o i t e d  t o  a d v a n t a g e ,  a s  p o i n t e d
o u t  b y  S a n c h e z  a n d  W r i g h t  [ ^ 3 ] ,  More w i l l  b e  s a i d  a b o u t
t h i s ,  a n d  o t h e r  m e a n s  o f  n o n - l i n e a r i t y  c o m p e n s a t i o n  b y  
c i r c u i t r y  w h i c h  w e r e  i n v e s t i g a t e d ,  i n  t h e  n e x t  c h a p t e r .
55
2 .7  SUMMARY
S e m i c o n d u c t o r  s t r a i n  g a u g e s  a r e  a v a i l a b l e  w i t h  o r  
w i t h o u t  a  b a c k i n g  m a t e r i a l  o r  e n c a p s u l a t e d .  T h e  b a c k i n g  
m a t e r i a l  p r o v i d e s  f o r  b e t t e r  h a n d l i n g  o f  t h e  g a u g e  a n d  
g i v e s  e l e c t r i c a l  i n s u l a t i o n  b e t w e e n  t h e  g a u g e  a n d  t e s t  
m a t e r i a l .  G ood b o n d i n g  c h a r a c t e r i s t i c s ,  h i g h  s h e a r  m o d u l u s  
a n d  v e r y  l o w  c r e e p  a r e  i m p o r t a n t  p r o p e r t i e s  r e q u i r e d  o f  t h e  
b a c k i n g  m a t e r i a l .  T y p i c a l  m a t e r i a l s  u s e d  i n c l u d e  p o l y m i d e  
b a c k i n g ,  e p o x y  b a c k i n g  a n d  g l a s s  f i b r e  r e i n f o r c e d  e p o x y -  
p h e n o l i c  b a c k i n g .
An e x p e r i m e n t a l  i n v e s t i g a t i o n  w as  u n d e r t a k e n  o f  t h e  
b o n d i n g  o f  b a c k e d ,  u n b a c k e d  a n d  e n c a p s u l a t e d  s e m i c o n d u c t o r  
s t r a i n  g a u g e s  u s i n g  m a i n l y  t h e r m o s e t t i n g  a n d  t h e r m o p l a s t i c  
a d h e s i v e s .  I n  a l l  10 com m on a d h e s i v e s  w e r e  e m p l o y e d  u s i n g  
m e t a l  a n d  p l a s t i c  s u b s t r a t e s .  M o s t  o f  t h e  a d h e s i v e s  w e r e  
f o u n d  t o  p r o v i d e  a d e q u a t e  b o n d s  b u t  t h e  t h e r m o s e t t i n g  ( i . e .  
e p o x i d e  a n d  p o l y e s t e r )  a d h e s i v e s  d i d  n o t  d i s p l a y  a n y  
d e t e c t a b l e  c r e e p  a n d  a  p o l y e s t e r  was  c h o s e n  f o r  l a t e r  w o r k ,  
a s  b o n d s  u s i n g  t h i s  w e r e  f o u n d  t o  b e  p a r t i c u l a r l y  f r e e  f r o m  
a i r  b u b b l e s .
T e s t s  o f  b o n d s  w e r e  c a r r i e d  o u t ,  i n c l u d i n g  p e e l  
s t r e n g t h ,  m i c r o s c o p e  e x a m i n a t i o n  o f  c u t  s e c t i o n s  o f  b o n d s ,  
p r e s s u r e  t e s t s  t o  r e v e a l  a i r  b u b b l e s  o r  b o n d  
d i s c o n t i n u i t i e s  a n d  e l e c t r i c a l  r e s i s t a n c e  t e s t s .  No
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s i g n i f i c a n t  d i f f e r e n c e ,  i n  t e r m s  o f  a c t u a l  b o n d i n g  was  
f o u n d  b e t w e e n  u n b a c k e d ,  b a c k e d  o r  e n c a p s u l a t e d  g a u g e s  o f  
s i m i l a r  s u r f a c e  a r e a .  A c c o u n t  may r e q u i r e  t o  b e  t a k e n  o f  
t h e  e f f e c t s  o f  s t r a i n  a r i s i n g  f r o m  d i f f e r e n c e s  i n  t h e  c o ­
e f f i c i e n t s  o f  t h e r m a l  e x p a n s i v i t y  o f  t h e  g a u g e ,  a d h e s i v e  
a n d  s u b s t r a t e  w h e n  u n d e r t a k i n g  s t r a i n  m e a s u r e m e n t s  o v e r  a  
r a n g e  o f  t e m p e r a t u r e s .
S e m i c o n d u c t o r  s t r a i n  g a u g e s ,  u n l i k e  m e t a l  f o i l  o r  
w i r e  g a u g e s ,  h a v e  a  n o n - l i n e a r  r e s i s t a n c e  c h a n g e  v e r s u s  
a p p l i e d  s t r a i n  c h a r a c t e r i s t i c .  T h e  c h a r a c t e r i s t i c s  o f  n -  
t y p e  a n d  p - t y p e  s i l i c o n  a r e  s o m e w h a t  d i f f e r e n t  a n d  i t  w a s  
n o t e d  t h a t  s t r a i n  g a u g e s  made f r o m  t h e  l a t t e r  m a t e r i a l  
d i s p l a y  a  s m a l l e r  d e v i a t i o n  o v e r  a  w i d e  r a n g e  o f  a p p l i e d  
s t r a i n s .
I t  i s  p o s s i b l e  t o  r e d u c e  t h e  n o n - l i n e a r i t y  o f  
s e m i c o n d u c t o r  s t r a i n  g a u g e s  b y  i n c r e a s i n g  t h e  d o p a n t  l e v e l .  
G au g e  n o n - l i n e a r i t i e s  o f  l e s s  t h a n  -  0 . 0 1 % ,  o v e r  a  r a n g e  
o f  1000  y s t r a i n ,  c a n  now b e  a c h i e v e d .  G a u g e s  m ade  f r o m  
n - t y p e  m a t e r i a l  a r e  s l i g h t l y  m o re  l i n e a r  i n  c o m p r e s s i o n  
w h i l e  g a u g e s  m a d e  f r o m  p - t y p e  m a t e r i a l  a r e  m o r e  l i n e a r  i n  
t e n s i o n .
I n  som e c a s e s ,  t h e  m a g n i t u d e  o f  t h e  n o n - l i n e a r i t y  
may b e  c a l c u l a t e d  a n d  t h e n  a l l o w a n c e  m ade  f o r  t h i s .  I t  i s  
a l s o  p o s s i b l e  t o  e x p l o i t  t h e  b a s i c  n o n - l i n e a r i t y  o f  t h e  
W h e a t s t o n e  b r i d g e  c u r c u i t  i n  o r d e r  t o  p r o v i d e  a  m e a s u r e  o f  
c o m p e n s a t i o n  f o r  g a u g e  n o n - l i n e a r i t y .
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CHAPTER 3
Semiconductor S tra in  Gauge Circuits
3.1 INTRODUCTION
The theory and prac tica l a sp e c ts  of semiconductor s tr a in  gauge 
c ircu itry  require  careful consideration. Factors which m ust be taken 
into account Include the  non-linearity  of semiconductor s tr a in  gauges, 
the influence of both c i rc u i ts  and energization and the means of 
providing compensation fo r  various e f fec ts .
In th is  chapter, various bridge c ircu its  are  described and 
analysed, and some suggestions are  made concerning th e i r  applications.
3.2 BASIC SEMICONDUCTOR STRAIN GAUGE CIRCUITS
The g re a te r  sen s i t iv i ty  of semiconductor s t ra in  gauges, 
compared to  w ire  or foil gauges, i t s e l f  poses various problems w ith  
gauge c ircu itry . In addition, account m ust be taken of both the 
non-linearity  and large tem pera tu re  coeffic ien t of gauge f a c to r  of
5 8
semiconductor s tra in  gauges. Due to these  fac to rs ,  and the re la tive ly  
higher res is tance  of sem iconductor s tra in  gauges, c i rc u i ts  w ith  special 
compensation e lem ents  in th e ir  design may be required in some 
applications.
In order to m easure accura te ly  the change in re s is ta n c e  w ith  
applied s tra in  a form of W heatstone bridge c ircu it  is  particu la rly  
suitable, because i t  removes o f f s e ts  and enables thermal compensation 
to be readily provided. Such bridge c ircu its  (see figure 3.2.1) may be 
made using from 1 to 4 s tra in  gauges of which one or more is  active" (ie 
changes in re s is ta n ce  w ith  applied s tra in ).  Many applications use e i th e r  
a fully active (4 active gauges) or half active (2 active gauges) bridge. 
If quarter active (ie 1 active  gauge) and partia lly  ac tive  (ie when 2 of 
the 4 gauges are sub jec t to a frac tion  of the s tra in  applied to  the o ther 
gauges -  as in some types of load cell) bridges are employed more 
account must be taken of the fa c to rs  indicated earlie r ,  such as the high 
tem perature coeffic ien t of sem iconductor gauges. Account may also 
have to be taken of the n o n -lin ea ri t ie s  of Wheatstone bridge c i rc u i ts  
w ith  large res is tan ce  variations.
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Basic Bridge Circuit
’unstrained’ gauge. 
R^, R^, - precision
fixed resistances
Figure 3.2.1
The W heatstone bridge may be energized w ith  e i th e r  d irect 
current or a l te rna ting  current. Although a lte rna ting  cu rren t was 
commonly used in the pas t  fo r  s tra in  gauge applications (mainly because 
of d r if t  and noise problems associa ted  w ith  d iscre te  components used in 
d irect current am plif ie rs)  d irec t current bridge exc ita t ion  is  now 
frequently employed -  using in tegra ted  c ircu its  which have a lm ost zero 
drift. The bridge is  energized normally by applying a regu la ted  voltage
Vj across  two opposite corners. Then a voltage output, which is
6 0
proportional to  the excita tion  voltage Vj and the re s is ta n ce  change(s) of
the s t ra in  gauge(s), appears ac ross  the signal te rm inals  A, B. If the 
bridge is used a t  or close to the balance condition then the output 
voltage is e i th e r  zero or a lm ost zero. Hence, the small voltage changes 
due to  the gauge(s) being s tra ined  may be m easured w ith  sensit ive  
in s trum en ts  to a high accuracy, which is a p a r t icu la r  advantage of using 
such a bridge c i r c u i t
To give zero output (ie Vq = OV) from the bridge (figure 3.2.1)
the po ten tia l d ifference across  equals the potential d ifference
across  R3 . Thus:
V j[R y(R ^ + R |)]  = VjlR^/Rg + R3 )] 3.2 . 1
Cross multiplying equation 3.2.1 gives:
R^ (R2 R3) “ R3 ( ^ 4  I )
This gives: R2  R4  = R3  R ] 3  2. 2
The equation 3.2.2 is known as  the balance equation and, in order to
m aintain balance if the re s is ta n c e  of the gauge changes by dR| (figure
3 .2 .2 ), then e i th e r  R4  or R2  m ust be changed in the same d irection , or R3
61
m ust be changed in the opposite d irection to the change of gauge 
res is tan ce , by the necessary  amount so th a t  V q Is zero again. Although a
combination of changes in R^ and R3  could m aintain the bridge in
balance only one of these  th ree  is  changed in practice. The null method, 
which is very precise, is  considered to be only of use for s ta t i c  ra th e r  
than dynamic s tra in  m easurem ent, because of the amount of tim e which 
is required to make the changes needed to re s to re  balance. The surface 
s tra in  e is  found from:
dR,
c = ( -— ) /k  
dil
Where e = and k is the gauge factor.
3.2.3
Basic bridge c ircu it  -  's tra ined ' gauge 
Figure 3.2.2
+
R.J - 'strained’gauge.
R^, Rg, R^ - Precision 
fixed resistances.
6 2
If the gauge In figure 3,2.2 Is given an applied tensile strain 
then, In an originally balanced bridge, the resistance In the gauge arm of
the bridge will Increase by dR| toR, + dR,, For a constant voltage Input
V, and an open c irc u it  output Vq then:
V q  - R3 (R^ + R) + dR] ) “ R,^  (R2 R3)
(R2 R3) (R4 * R] ^dR])
If Ri -  Ro -  R t  “ R/1 “ R
3,2,4
then Vq = Vj R (2R + dR) -  2R' 
2R(2R + dR)
which simplifies to: V dR
+ 2 dR
3,2,5
If dR « R
then Vq =^tV] m
4R 3,2,6
Since k e  = dR/R then equation 3,2,6 may written as:
Ke 3,2,7
This approximation applies to virtually all uses of conventional 
metal foil and wire strain gauges, but Is often not satisfied by 
semiconductor gauges because of their high gauge factors, 1e.dR<(< R,
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As the out of balance mode gives an output voltage Vq which is
re la ted  to the s tra in  experienced by the gauge it  may be used for both 
s ta t ic  and dynamic s tra in  m easurem ents.
In some cases  the W heatstone bridge may be energized from a 
constant current ra th e r  than a constan t voltage source. Such a case is 
when i t  i s  required to provide compensation for the tem perature  
coeffic ien t of gauge fac to r  (see section  4.5) and another case is  where 
Improved linearity  is  required when high r e s is t iv i ty  gauges are 
employed. More will be said regarding these and o ther  a sp ec ts  in 
subsequent sections.
3.3 NON-LINEARITY OF BRIDGE CIRCUIT!
Wheatstone bridges display non-linear c h a ra c te r is t ic s  under 
certa in  conditions, such as when there  are large changes in re s is tan ce , 
or when there  are re s is tan ce  changes which are non-sym m etrical. As 
indicated in Chapter 1, the operational re s is ta n ce  changes of 
sem iconductor s tra in  gauges may be quite large; thus when used w ith  
W heatstone bridge c ircu i ts  the approximation used in equation 3.2.7 does
6 4
not hold. For example, in a bridge w ith  a single active s t ra in  gauge R p  
such as  shown ea r l ie r  in figure 3.2.2, and w ith  equal re s is ta n c e s  in the 
o ther  arms, the ra tio  of output to  input voltage Vq /V| is  derived from 
equation 3.2.5:
Vq = i /2 (d R j /R j )  3.3.1
2 + (d R , /R ,)
In the case  of sem iconductor s tra in  gauges the large re s is ta n c e  
changes can mean th a t  the deviation from linearity  could reach 20%. 
However, the non-linearity  can be markedly reduced in several ways.
One method is to increase the magnitude of the  r e s i s to r s  R j
and R^ by a fixed fac to r  f (eg 10) compared to R, and R2  such tha t,  
assuming linear gauge response:
f = R^/R I -  R3 /R 2  3.3.2
In th is  case  the bridge output w ill be given by:
Vq = V, ^ |R y ( R ,  + R^)J -  [R j/(R 2 + R3 )] ^  3.3.3
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' ' i R^f «2 f
R.J + dR^ + R.j f  Rg + R2 ^
3 .3 .4
R if
R.J + ( d R ^ / R ^ j +  R-j f' 1 + f
3.3.5
1 + f  + ( d R /R ^ ) 1 + f
3.3.6
This may be w ri t ten  in the form:
r V r  ( ? )  ira>  • C ^O ’ f c , r  ’) ] 5  3 .3 .
Hence the degree of non-linearity  betw een Vq and dRj /R^ varies  w ith f.
However, the e f fec t  of increasing f to produce a g rea te r  reduction In 
bridge non-linearity  is  to reduce the output voltage; unless the bridge 
voltage is increased to compensate.
Another means of obtaining improved bridge linearity  is  to 
employ a shunt res is tance  in parallel w ith  the gauge. In order to obtain 
th is  good linearity , however, there  may be a very s ign ifican t reduction in 
gauge sen s it iv ity  (which may be acceptable).
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An a lte rn a tiv e  way of dealing w ith the problem of bridge 
non-linearity  is  to use the non-linear behaviour of sem iconductor s tra in  
gauges to compensate fo r th is. From equation 3.3.1, fo r  a bridge w ith  one
active gauge of re s is ta n ce  R p  the ra t io  of output voltage Vq and Input V^
Is:
Vo = 2  (dR /R ,)
2 + WRi /«i )
= ( d R , /R , ) /4  3.3.8
1 + (dRi/2Ri)
(as (d R |/R ])^  is  «  1)
1 / 4  ( d R , /R , ) ( 1 - [ d R , /2 R j ] +  ) 3.3.9
d R , ( l - d R , +  ) 3.3.10
The non-linear calibration  curve fo r p-type gauges can be w r i t te n  
generally (see section  2 .6 ) as:
d R ,/R , = E(C, +C 2 & ) 3.3.11
The non-linear te rm s  In equation 3.3.10 and equation 3.3.11 have opposite
signs and, assuming C2  Is positive , good compensation may thus  be
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achieved by making the re s is ta n c e  of the two bridge ra t io  arm s e i th e r  
larger or sm alle r  than R p  so th a t  the bridge non-linearity  m atches  th a t  
of the s tra in  gauge. The only o ther ad justm ent required Is to the Input 
voltage In order to m aintain the optimum current through the bridge 
circuit.
3.4 SEMICONDUCTOR STRAIN GAUGE NON-LINEARITY COMPENSATION
Concerning the non-linear behaviour of sem iconductor s tra in  
gauges (section  2.6) not only can Improvements In l in ea r ity  be achieved 
by the  use of heavier doping levels  but c ircu it  compensation m easures 
may also be employed. These compensation m easures can be sum m arised 
as:
(a) Use of non-linearity  of W heatstone bridge
(b) Use of opposite p re -s tra ln ed  gauges In a push-pull arrangem ent
(c) Use of pairs of p -type  and n -type  silicon gauges w ith  matched,
opposite, c h a rac te r is t ic s .
(a) The use of the Inherent non-linearity  of W heatstone bridge
c ircu its ,  to provide compensation fo r  sem iconductor s tr a in  gauge
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non-linearity , is  as  described in the previous section. However, as 
Parkins^^^) has noted, the basic W heatstone bridge c ircu it  can only 
provide such compensation over a fa ir ly  specific  range of applied s tra in s .  
Nevertheless, by using sem iconductors w ith  a specific  p res tra in  (perhaps 
1000  p s tra in )  a l inear  output over a d iffe ren t range of applied s t r a in s  
may be achieved. The value of the f a c to r  f and the magnitude of the 
necessary p res tra in  will vary according to the type of sem iconductor 
s tra in  gauge.
(b) A sign if ican t reduction in the non-linearity  of sem iconductor 
s tra in  gauges may be achieved by using e i th e r  2 or 4  s tra in  gauges In a 
push-pull arrangement. One gauge (or pa ir  of gauges) m ust be under 
pre-tension  and the o ther gauge (or pair of gauges) under 
pre-com pression of the same magnitude. Compensation Is achieved 
because the non-linea ri t ies  cancel out. A basic arrangement Is shown In 
figure 3.4.1. As Indicated, gauge A Is under p re-tension  and gauge B Is 
under pre-com pression by an equal amount.
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(pre-tension)
(pre-compression
Non-llnearltu compensation using 2 gauges in 8 push-pull Qn'anoement
Figure 3.4.1
Although not generally  possible, if the s tra in  gauge 
c h a ra c te r is t ic s  were both syrrimetrlcal about th e ir  origin then com plete 
cancellation and a l inear output over the whole working range of the 
gauges could be attained. The magnitude of compresslonal s tra in  
employed should not exceed a p a r t ic u la r  value (eg 500 p s tra in )  because 
at higher values there can be a s ig n if ican t Increase In non-linearity .
It must not be overlooked th a t ,  since the re s is tan ce  of gauge A 
will be d ifferen t to th a t  of gauge B, a full bridge analysis  will be
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required. In addition, s ince  the magnitude of sem iconductor s tra in  gauge 
non-linearity  Is tem pera tu re  dependent, as outlined In section  2 .6 , 
account of tem pera tu re  changes may have to be made. (The arrangem ent 
shown If figure 3.4.1 does provide compensation fo r  tem perature .)
(c) If problems occur due to  the magnitude of compresslonal s tra in  
then the same degree of com pensation may be a tta ined  w ith  the aid of 
matched pairs  of p-type and n -type  semiconductor s tra in  gauges mounted 
side by side. Both gauges m ust be e i th e r  In tension or In compression. 
Although It Is poslble to  obtain gauges of s im ila r  gauge fa c to r  (and 
opposite sign) to  provide compensation, the degree of compensation Is 
l im ited  because n-type gauges are  not as l inear as p-type gauges.
A fu r th e r  m easure of compensation fo r  non-linearity  can be 
achieved by exploiting the property  of p-type gauges th a t  th e ir  l in ea r ity  
Increases w ith  an Increase In tension  and n-type which Increase in 
l inearity  w ith  Increasing compression. Therefore, by using a m atched 
pair of n-type and p-type gauges the degree of non-linearity  can be 
reduced (within the c o n s tra in ts  of s tra in  magnitude and am bient 
tem perature). Due to Improvem ents in linearity  assoc ia ted  w ith  higher
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levels of doping which Is currently  common, the overall degree of 
semiconductor s tra in  gauge non-linearity  compensation by c ircu itry  Is 
neither so g rea t or so necessary  as  It formerly was.
3 5 SEMICONDUCTOR STRAIN GAUGE EXCITATION
There are several fa c to rs  which m ust be taken Into account 
when a ttem pting  to specify  optimum excita tion  levels fo r  semiconductor 
s tra in  gauges. The h ighest voltage which can be applied Is lim ited  by the 
maximum tem pera tu re  allow able. I ts e l f  controlled by the amount of heat 
which is  d iss ipa ted  from the  gauge to the t e s t  surface. This heat 
d issipation Is a function of the adhesive thickness, the surface  area of 
the gauge, the therm al m ass of the  adhesive and su b s tra te ,  the thermal 
conductivity of the adhesive and su b s tra te ,  the ambient tem pera tu re  and 
the a ir  flow  around the s tra in  gauge and the substra te . In addition, the 
res is tance  of the gauge m ust be taken Into account.
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Reference to m anufacturer 's  data*  shows th a t  power 
d iss ipa tions  of between 20 and 50 mW per gauge are generally 
acceptable  (1e th is  gives acceptable  performance s tab il i ty  w ithout any 
risk  of damage to  the gauge). If high zero s ta b i l i ty  Is not required, and 
the adhesive will function a t  higher tem pera tu res , then 50-100mW  
power d iss ipa tion  could be to le ra te d  by la rger  gauges.
Manufacturer's data Is o ften  obtained w ith a constan t voltage 
source and may be d iffe ren t I f  the  gauge Is energised by a cons tan t 
current source.
To explore the e f fe c ts  of energization, a study of both cons tan t 
current and constan t voltage energization was undertaken. The 
investigation  Involved single ac t iv e  gauges operating a t re la tive ly  low 
levels of applied s tra in  (eg < 30  |i s tra in )  and ambient tem pera tu res  of 
about 293K.
Figure 3.5.1 shows the  basic  constan t current c ircu i t  which 
w as used. This consis ted  of a voltage regu la to r (eg 7805), which 
provided a constan t fixed voltage, connected so that the current through 
* (For the gauges m anufactured by Kullte used In th is  study.)
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the re s is ta n ce  and hence through an external load. Is constant. The
power supply in itia lly  used was a smoothed d.c. power supply but th is  
was round to have an u n sa tis fac to ry  level of ripple, and so a 12V batte ry
was subsequently employed.
+ Ô
DC ? 
INPUT
7 8 0 5
IN OUT
COMM.
Constant
current
output
- 220nF 
C - ATOnF
Basic Constant Current Circuit
Figure 3.5.1
A 7805 fixed 5V re g u la to r  and a re s is to r  R  ^ of 470 q , w as
employed with s tra in  gauges of about 350 a r e s is ta n ce  a t  room 
tem perature. These p-type s il icon  gauges were unbacked and w ere 
bonded, using P2 po lyester  adhesive detailed  in the previous chapter , to 
s ta in le s s  s tee l s trip . Figure 3.5.2 shows the basic c ircu it  used w ith  the 
s tra in  gauges.
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Constant
current
source
Basic Single s tra in  Gauge Circuit: Constant Current Excitotion
Figure 3.5.2
A sen s it iv e  d igital vo ltm eter  measured the change In potential 
difference across  the gauge w ith  applied strain. T ensile  s tra in s  of a 
pre-determ lned magnitude w ere provided by a Hounsfleld tensom eter  and, 
because of the high gauge f a c to r  of semiconductor s t ra in  gauges, typical 
s tra in s  applied w ere betw een 5 and ZO\i s tra in  (although la rger  s tr a in s  
were examined). Readings of the s tra in  gauge re s is ta n c e  were taken 
every 5 m inutes fo r  a to ta l  of 90 minutes. Gauge tem pera tu re  w as also 
measured every 5 m inutes  fo r  90 m inutes using a thermocouple (+1K). A 
constant tem pera tu re  bath w as not available but, to  reduce heat losses , 
the gauge w as enclosed by a wooden draught shield (room tem perature  
was 2 9 3 + IK).
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The voltage change wi th th is  system  is simply proportional to 
the change in the re s is tan ce  of the s tra in  gauge, and c ircu it 
non-linearity  is  eliminated because:
Vq = I  (Rq + dRg) 3.5.1
and changes in dRg do not s ign ifican tly  a f fec t  I.
A corresponding study w as undertaken using a constan t voltage 
supply across  the gauge and se r ie s  resis tance . The same sem iconductor 
s tra in  gauges were employed as fo r  the constant current energization. 
Each s tra in  gauge was put in s e r ie s  w ith  a fixed r e s is to r  as  shown in 
figure 3.5.3. This involved the use of voltage regulators (such as  7805) 
powered by a 12V battery , as w ith  the constant current arrangement. In 
the la te r  investigations of s tra in  gauge c ircu its  (section 3.6) a high 
quality s tab ilized  d.c. power supply w as employed in place of the 
battery , and found to be sa tis fa c to ry .
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Figure 3.5.3
A digital v o ltm e te r  w as connected across the s tra in  gauge as
shown and the re s is ta n ce  Rg w as chosen to  have a s im ila r  r e s is ta n c e  to
the s tra in  gauge w ith  no applied s tra in  (a t room tem perature). In th is  
cose curren ts  in the gauge c ircu i t  were up to 10mA operating from  a 
constant voltage of 5V. As in the  case  of constant current energ iza tion  
relatively  low tensile  s t r a in s  w ere  employed.
The re su l ts  of these  s tu d ie s  of gauge excita tion are  given in 
section 3.7, along w ith  those obtained fo r  constant current and co n s ta n t  
voltage bridge energization investiga tions  outlined in the  follow ing 
section.
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3.6 EXPERIMENTAL BRIDGE CIRCUITS
Experimental Investigations w ere undertaken, using various 
semiconductor s tra in  gauges in the bridge c ircu its ,  under both s ta t i c  and 
dynamic s tra in s .  Bridge energization fo r  these  investiga tions  was 
provided, in itia lly , using the constan t current and constant voltage 
c ircu its  which were described in section  3.5 (see f igures 3.5.1 and 3.5.3 
for the basic respec tive  circu its) .  The c ircu i ts  used fo r  constant voltage 
and constant current bridge energization are shown in figures 3.61. and
3.6.2 respectively.
Precision r e s i s to r s  (+0.1 %) were used in the bridge and various 
types of re s i s to r s  w ere tr ied  in an a ttem p t to m atch c losely  the 
tem perature  coeffic ien t of re s is ta n ce  of the s tra in  gauges ( th is  is  
discussed in section  4.2). Mainly p-type silicon, re la tive ly  highly doped 
s tra in  gauges of about 3 5 0 n  and 5 0 0 n  were used, but low er and higher 
resis tance  gauges w ere also studied. Mounting pads w ere used to 
connect the gauge leads, and i t  was found useful to mount the  gauges on 
s ta in less  s tee l  s t r ip  so th a t  the applied s tra in  could be accura te ly  
controlled by various means. Relatively low levels of s t a t i c  and dynamic 
s tra in s  w ere employed, up to  about 40 p, s train .
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Figure 3.0.1 shows the basic constant voltage bridge c ircu it  
which was emploged using a 7605 in tegra ted  circuit. A 7815 in tegra ted
circu it  was also l a te r  employed to provide a higher constant voltage. R
is the semiconductor s tra in  gouge of gauge fac to r  120.
7805
IN OUT
 COMM
+  6
DC
input
Basic Constant Voltage Bridge Circuit
Figure 3.6.1
C -220nF 
C -470nF 
R - 4.7k^
^  ' 0^ 
Q
For m ost purposes the bridge w as used in the out of balance 
ra th e r  than null balance mode to allow dunamic as well as s ta t i c  s t r a in
measurement. The capac ito rs  C| and C2  (figure 3.6.1) are decoupling
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capacito rs  'which 'were found necessary  to remove tra n s ie n t  osc illa tions  
and R is  a recommended load res is tan ce . R esis to rs  R2 , R3 , and R^ are 
precision re s is to rs .
Typical gauge cu rren ts  w ith  constant voltage energization w ere 
in the range from about 2 to 10mA and constant voltages of 5V and 15V 
were employed. Results  w ere obtained (see section  3.7), fo r  various 
silicon gauges and various applied s tra in s ,  to be compared w ith  
corresponding re su l ts  obtained using constan t curren t bridge 
energization. In both cases  monitoring of input and output voltages w as 
carried  out w ith  digital v o ltm e te rs  reading to an accuracy of 0.00 ImV. 
Currents w ere measured w ith  d igital m eters  reading to an accuracy of 
0.01mA.
The basic constan t cu rren t bridge c ircu it  which w as employed 
is shown in figure 3.6.2. Different constant curren ts  from 2mA to  about 
10mA w ere  used and various s t ra in  gouges and applied s t r a in s  w ere 
employed fo r  each constan t current.
8 0
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Basic Constant Current Bridge Circuit
Figure 3.5.2
The values of the capacito rs  and re s is to r s  used w ere the same 
as those employed in the constan t voltage arrangement shown in figure 
3.6.1.
In order to provide a p a r t icu la r  current, an appropriate value 
re s is to r  R^, was selected. Typical re su l ts  are given in sec tion  3.7 (11).
Following th is  investigation  of constant voltage and constan t 
current bridge energization, s tud ies  of half active and fully ac tive  bridge
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arrangem ents w ere undertaken. The half active bridge system s explored
may be sum m arised as follows:
(a) Gauges mounted side by side and on the same face of the substra te . 
The 2 gauges were then connected to  opposite arm s of the bridge 
(figure 3.6.3)
(b) Gauges mounted back to  back on opposite faces of the substra te . 
The 2 gauges were then connected to  adjacent arm s of the bridge 
(figure 3.6.4)
(c) Gauges mounted side by side on the same face of the su b s tra te  but 
w ith  th e i r  ac tive  lengths a t  r ight angles to each other. The 2 
gauges w ere  then connected to  ad jacen t arms of the bridge (figure
3.6.5).
resistors
V0 1/2 k C V. ( E -  strain)
(a) Half active bridge; gauges mounted side by side 
Figure 3.6.3
R.R^, fixed resistory 1 ^
R /-7 —^ -------------------
R^ (below) on lower face and subjected 
to bending stress
1/2 k E
(b) Half Active Bridge: Gauges Mounted Back to Back
Figure 3.6.4
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R j, R3
(1 + V ) K £ VV,
i
fixed• 
resistors
J
, R^ - semiconductor strain gauges 
subjected to uniaxial stress
(c) Half active bridge; gauges mounted with activelengths at right angles
Figure 3.6.5
The b rie f  study of a fully ac tive  bridge Involved the use of 4  
s tra in  gauges each connected to a sep ara te  arm of the bridge. These 
gauges were all mounted on the sam e s tee l  s tr ip ,  which w as sub jec ted  to 
a bending s tre s s .
Within each of these  bridge c ircu i ts  all the sem iconductor 
s tra in  gauges w ere  matched fo r  gauge fa c to r  and unstrained r e s is ta n c e  
a t room tem perature . Constant voltage bridge energ ization  w as 
employed. In itially  a constant voltage of 5V was used and la te r  15V. 
Bridge input and output voltages w ere  measured, as before, using digita l 
vo ltm ete rs  reading to  an accuracy of 0 .0 0 ImV.
The p-type  silicon sem iconductor s tra in  gauges used w ere  
’backed' type, fo r  convenience, and w ere  bonded to  s ta in le s s  s te e l  s t r ip
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using P2 po lyester  adhesive cured a t room tem perature. Relatively small 
magnitude s tra in s  up to about 4 0 p s tra in  were employed since the gauge 
fac to rs  were 120 or more. S ta t ic  s tra in s  were applied w ith  a Hounsfield 
tensom eter  which provided uniform s tra in s ,  and s ta t i c  bending s t r e s s  
was provided by clamping the s tee l  s tr ip s  in a horizontal clamp and 
attaching known loads to the undam ped end. Dynamic bending s t r e s s  
was provided by positioning coils  of copper w ire  above and below the 
undam ped end of the s tr ip  and passing a lte rna ting  curren t through the 
coils, so th a t  the s t r ip s  bent one way then the other. D ifferent s tra in  
magnitudes and ra te s  of change of s tra in  were a tta ined  by changing the 
current through the coils  and the frequency. The coils  w ere positioned 
away from the gauges and no m easurable current w as induced in the 
gauges.
The investiga tions  w ere carried  out a t room tem perature  
(293K) w ith  constant, a r t i f ic ia l ,  ambient levels of illum ination (300 
lux). Later s tud ies , which will be fully described in chap ters  4  and 5 
respectively , examined the e f fe c ts  of tem perature  and illum ination on 
these gauges w ith  d ifferen t applied s tra ins .
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An a ttem p t w as made to amplify the bridge output using an 
operational amplifier. Brief d e ta i ls  of the c ircu it employed w ith  the  
bridge are given in Appendix 1.
3.7 RESULTS AND DISCUSSION
(1) Gauge excita tion
In the s tud ies  of cons tan t cu rren t and constan t voltage gauge 
excita tion  (section  3.5) two main comparisons w ere made. These w ere  
of gauge thermal s tab il i ty ,  in te rm s  of the gauge re s is ta n c e  remaining 
constant, and change in output voltage w ith  applied strain.
Figure 3.7.1 shows re su l t s  obtained regarding gauge therm al 
s ta b i l i ty  fo r  constant curren t energization, and figure 3.7.2 show s 
typical r e su l t s  obtained for constan t voltage energization. These are  for 
the same s t r a in  gauge, which w as a p -type silicon gauge of gauge fa c to r  
120. The same c h a ra c te r is t ic s  shown in figure 3.7.1 w ere  found when 
o ther  s il icon  semiconductor s t r a in  gauges, having d if fe ren t  gauge 
fa c to rs  and re s is ta n c e s  w ere  employed.
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Figure 3.7,1
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The re su l ts  were obtained under the same ambient tem pera tu re  
conditions (293+IK) In each case. For th is  gauge a tem pera tu re  variation
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of IK corresponds to a re s is ta n c e  change of I n .  These re su l ts  are  fo r  no 
applied s tra in  on the gauge.
As can be seen from figures 3.7.1 and 3.7.2, there  is  a small but 
noticeable variation in the re s is ta n c e  of the s tra in  gauge, over the same 
tim e period, fo r  constan t voltage energization compared to constan t 
current energization. The probable reason for the variation seen in th is  
instance is  small varia tions  in external tem pera tu re  causing small 
variations in gauge res is tance .
Although many authors (eg^^^b have recommended constan t 
current energization as being more s tab le , w ith  a positive tem perature  
coeffic ien t of re s is ta n ce  gauge constant voltage is  probably be tte r .  The 
power d iss ipation  causing se lf  heating is: VI = 1%  = v ^ / r .  When the 
ambient tem perature  increases  and the gauge re s is ta n c e  increases , then 
in the case  of constant current energization the se lf -h ea tin g  goes up, 
supporting the external change. However, fo r  constan t voltage the se lf  
heating (V^/R) goes down, tending to  compensate. In p rac tice  the c ircu it  
may well be a m ixture of these  two ideal conditions (such as  the  case  of 
a simple potential divider), but constant curren t is  s t i l l  likely to  be the
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w orst option. The present experim ents  have not indicated a s ign if ican t 
d ifference between the two c irc u i t  conditions.
Typical re su l ts  fo r  change in output voltage dV, corresponding 
to change in applied s tra in  are  given in figure 3.7.3 for both cons tan t 
current and constan t voltage energ ization  fo r  the same p -type  s ilicon  
semiconductor s tra in  gauge. Applied s tra in  levels used w ere re la tiv e ly  
low so th a t  gauge non-linearity , which increases  w ith  s tra in  magnitude, 
was small. The re su l ts  shown w ere  obtained for a gauge of unstrained  
res is ta n ce  350^2 a t  room tem p era tu re  and gauge fa c to r  120.
dV
(mV) 8.0
(ii)
2 . 0
10 20 30
Applied strain
40 (p strain)
Output Voltage Change Versus Applied S tra in
(i) Constant current gauge energ ization
(i 1 ) Constant voltage gauge energization
Figure 3.7.3.
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For constant current gauge energization (figure 3.5.2).
Vq
SO, dVg = IdRg 3.7.1
Now, for constant voltage gauge energization (figure 3.5.3):
V() = Rg/(Rg + Rg) 3.7.2
If Rg —^ Rg + dRg
then: Vq = Vj (Rg + dRg) 3.7.3
Rq + dRg + Rg
= V- (Rg + dRg) 3.7.4
-TU
= Vj (Rg + dRg -  Rg dRg +....) 3.7.6
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V; Rp + dRg^l-^') 3.7.7
^ 1 Rq + 6Rq Rg 3.7.8
Since the  unstrained  output voltage ,
= 3 .7 .9
then, dVq = Vj dRg Rg
(%G + R s ) '
corresponds to a re s is ta n c e  change of dRg.
But original cu rren t 1q = V|/(Rg + Rg)
dVo = I() dRg B 3.7.10
If Rg »  Rg, then <1Vq— Iq dRg 3.7.11
as in the  case  of constant current.
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If Rfj = RG. thendV o = lQdRp 3.7.12
Experiments hove supported th is  onolysis. In o constant 
current c ircu it  w ith  Iq = 7mA and dRg = \ . 2 6 n  for 30 s tra in ,  dVg was 
8.8mV. A typical value for the same gauge and applied s tra in  in a 
constan t voltage c ircu it  w as dVq = 4.4mV.
Comparable re su l ts  as  in figure 3.7.3, w ere obtained when the 
s tra in  gauge w as  subjec ted  to com pressive s tra in s .  Moreover, the same 
c h a ra c te r is t ic s  w ere observed when o ther  s ilicon s tra in  gauges, w ith  
d ifferen t gauge fa c to rs  and unstrained  re s is ta n ces ,  w ere sub jec ted  to 
s im ila r  te n s i le  and com pressive s tra in s .  Stein^^^) recommended 
constant cu rren t energization fo r  sem iconductor s tra in  gauges, but the 
re su l ts  obtained using modem gauges, which are outlined here, do not 
suggest th a t  i t  is  b e t te r  than constan t voltage energization, except th a t
dVQ is  higher.
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(il) Bridge excita tion
The re su l ts  shown of output voltage versus  applied s tra in  in 
figure 3.7.4 are  for a sym m etrical bridge using a p -type  s ilicon gauge of 
unstrained re s is ta n c e  350o  and gauge fac to r  120. These r e su l ts  are for 
the gauge sub jec ted  to ten s i le  s t r a in s  a t  room tem pera tu re  and are 
rep resen ta tiv e  of o th e r  p - type  s il icon  gauges of d if fe re n t  unstrained 
re s is ta n c e s  and gauge fac tors .  The advantage of the bridge system  
compared to basic  gauge sy s te m s  is  th a t  o f fse ts  w ere removed when the 
bridge system  w as employed.
Output
(mV)
- - constant voltage (i) 
constant current (ii)
10 20 30 40
Applied strain 
(|i strain)
Bridge Output versus S tra in  fo r a 'q u a rte r  active' bridge
(i) Constant voltage energization
(ii) Constant current energ ization
Figure 3.7.4
For constant voltage W heatstone bndge energization i t  w as 
shown tha t output voltage (equation 3.2.5) is:
Vq = dR
_ 4R + 2dH _
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If the energization voltage for the constant current case is V.
in balance, then the constan t current Iq -  V^/R
Then, when a s tra in  i s  applied.
V(, = V/ dR
U r + 2dRJ
3 . 7 . 1 3
Where V / has changed to maintain the cu rren t constant. The 
new bridge re s is ta n c e  will be 2R and 2R + dR in parallel
ie R’ = 2R (2R + dR)
(4R + dR)
3.7.14
Hence, Iq r  V/ (4R + dR)
2R (2R + dR)
3.7.15
= V|/R, fo r  constan t current
• • V / = Vj 2R (2R + dR)
R (4R + dR)
3 . 7 . 16
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V| (4R + 2dR)
(4R + dR)
3 . 7 . 1 7
Thus, from equation 3 . 7 . 13 ,
Vo = Vi 4R + 2dR' dR 3.7.18
- 4R + dR _ _ 4R+2dR.
= V; dR
L 4R + dRj
3.7.19
Compared w ith  equation 3.2.5 to r  constant voltage 
energization, the only d ifference is  the term  dR instead  of 2dR in the 
denominator. The figure 3.7.4 shows th a t  there  was no sign if ican t 
difference found in output voltage fo r  constant current and constan t 
voltage bridge energization using approximatley the same Initial bridge 
voltage.
With regard to  the  brief study of half active bridges w ith  
d ifferen t gauge configurations which w as undertaken. Table 2 gives a
94
sim ple b as is  for comparison. All th ree  pairs  of gauges w ere of the same 
unstra ined  res is ta n ce  a t room tem pera tu re  and the same gauge factor. 
The sample re su lts  In each case  are  of 30  p s tra in , although the type of 
s t r e s s  was not the same in each case.
CASE LOCATION OF GAUGES OUTPUT (dV)
(a) In opposite arm s of bridge 
(Gauges mounted side by side)
9.2 mV
(b) In adjacent arm s of bridge 
(Gauges mounted back to  back)
9.1 mV
(c) In adjacent arm s of bridge 
(Gauge active  lengths a t  r igh t 
angles to each other)
5.8 mV
(A quarter  active bridge gave 4.5mV)
Sample Results  fo r  'half a c t iv e ’ Bridge w ith Gauges in D ifferent 
Configurations using Constant Voltage Energization
Table 2
The sample outputs  given in Table 2 were all obtained w i th  a 
symm etrical bridge arrangem ent. For cases  (a) and (b) the  r e s u l t  is ,  
allowing for tem perature  and sm all d ifferences between gauges, double
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th a t  obtained fo r  a q u a r te r  ac tive  bridge. This is  in keeping w ith  theory 
since, for a q uar te r  ac tive  bridge (equation 3.2.7) the output voltage
Vq — Vi (kX ), and for half ac tive  bridge, as  was indicated in section  3.6,
for cases  (a) and (b), Vq —  V^  ( K ^ ) .  In case  (c) the output voltage is 
higher by a fac to r  of 1.3 (since v = 0.3 for s tee l)  which is  again in 
keeping w ith  theory, because, a s  was shown, fo r th is  case  Vq ^ 1 + v Ke
When a full bridge system  was used i t  w as found, as  expected, 
th a t  when the 4  sem iconductor s tra in  gauges employed w ere  sub jec ted  to 
the same applied s t r a in  (eg 30 p s tra in )  as applied to  a single 
comparable gauge, the  output w as four t im es g re a te r  (ie  18.2 mV 
compared with 4.5mV) a t  the same ambient tem perature . The only 
appreciable advantage observed in e lectron ics  te rm s, w as  th a t  all the 
lead w ires  and connectors  from the measuring point to  the  measuring 
system  are outside the  measuring circuit. This means th a t  the  e r ro rs  
arising from lead w ires ,  connectors  and plugs tend to  cancel.
96
In all the subsequent work in th is  study constan t voltage 
bridge energization has been used for sim plicity , ra th e r  than constant 
current, s ince l i t t l e  difference w as found between them.
It w as found th a t  s a tis fa c to ry  am plification  of bridge outputs 
could be achieved using the operational am plifier  arrangem ent outlined 
in Appendix 1.
3.8 SUMMARY
The advantages of using a Wheatstone bridge c ircu it  w ith  
semiconductor s tra in  gauges are th a t  i t  avoids com plications arising 
from large zero o f fs e ts  and enables compensation to be provided for 
tem perature  e ffec ts .
Compensation for the non-linear re s is ta n c e  change versus 
applied s tra in  c h a ra c te r is t ic s  of semiconductor s t r a in  gauges can be 
achieved by c ircu i t  compensation measures. One way of achieving th is  is  
to exploit the basic non-linearity  of Wheatstone bridge c ircu its .  Another 
way is to use e i th e r  two or four semiconductor s tra in  gauges in a 
push-pull arrangem ent such th a t  non-linearities  cancel out. A m easure
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of compensation may also be achieved by using a matched pa ir  of p and n 
type gauges since the form er increase  in linearity  w ith  increase  in 
tension and the l a t t e r  increase in linear ity  w ith increasing compression.
Concerning excita tion  levels  fo r  semiconductor s tra in  gauges 
account m ust be taken of heat d iss ipa tion  and th is  is  a function of 
adhesive th ickness and the surface area  of the gauge. Typical power 
d iss ipa tions  may be up to 5 0 mW but la rg e r  gauges can to le ra te  100 mW 
power d issipation , although zero s ta b i l i ty  may be reduced.
Although constant current energization has been recommended 
for use w ith  semiconductor s tra in  gauges by Stein^^^^ there  w as no 
evidence found which suggests  th a t  i t  is  s ign ifican tly  superior to 
constant voltage gauge energization (which is  also s im p ler  to use). In 
fac t ,  s im ple analysis  suggests  the opposite. However, cons tan t cu rren t 
gauge energization produces a la rg e r  change in output voltage w ith  
applied s tra in  than constan t voltage energization under the sam e 
conditions, as  the re su l ts  obtained confirm.
There is  no s ign ifican t d iffe rence  in bridge output w ith  applied 
s tra in  fo r constant current or cons tan t voltage bridge energization.
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However, depending on the gauge configuration, a half ac tive  bridge will 
give tw ice the output voltage of a quarte r  ac tive  bridge for the same 
applied s tra in ,  and a fully active  bridge will give an output voltage which 
is four t im es  greater. The advantage of th is  bridge is  tha t,  since all lead 
w ires  and connectors from the measuring point to  the measuring system  
are outside the measuring c ircu it,  then e rro rs  arising  from lead w ires  
and connectors tend to cancel. For all the bridge sy s tem s the out of 
balance mode is m ost p racticab le  fo r dynamic s tra in  measurement, if 
levels or changes of applied s tra in  are small, and large output s ignals 
are required, an operational am plif ie r  (Appendix 1) can be usefully 
employed w ith  s tra in  gauge bridge system s.
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CHAPTER 4
Semiconductor S train  Gauge Thermal C harac te r is t ic s  and Temperature
Effect Compensation
41 INTRODUCTION
Semiconductor s tra in  gauges exhibit the following undesirable 
thermal c h a rac te r is t ic s ,  to  a g re a te r  degree than w ire  or m etal foil 
gauges:
(a) Temperature coeffic ien t of r e s is t iv i ty
(b) Temperature coeffic ien t of gauge factor
(c) Apparent s tra in  induced by d iffe ren tia l  thermal expansion betw een
the gauge and su b s tra te
(d) Variation of gauge non-linearity  w ith  tem perature  change.
The la t te r  only applies to semiconductor s tra in  gauges and, like the f i r s t  
two, it is influenced by both the type and degree of doping of the 
semiconductor m ateria l.
lO.o
An experimental investigation  w as undertaken of the 
tem perature  coeffic ien t of re s is ta n c e  of silicon sem iconductor s tra in  
gauges and then means of compensating for the sh if t  in bridge zero w ith  
tem pera tu re  change were explored. The basic theory of the tem pera tu re  
A coeffic ien t of gauge fa c to r  and the e f fec t  of dopant level on th is  w as
V briefly examined prior to carrying out detailed  investiga tions  of
m easures  devised to com pensate for the tem perature  co eff ic ien t of 
gauge factor.
.
A brief investigation  w as then undertaken of means of 
compensating for tem pera ture  e f fe c ts  on gauge c ircu its .  Following th is ,  
general observations and comments, concerning sem iconductor s tra in  
gauge thermal c h a ra c te r is t ic s  and tem pera tu re  e f fec t  compensation, are 
presented to reinforce and broaden the findings and conclusions.
4.2 TEMPERATURE COEFFICIENT OF RESISTANCE
The tem perature , or therm al, coeffic ien t of re s is ta n c e  (TCR) of 
a s tra in  gauge re la te s  to the change in re s is ta n c e  dR, of an unstrained  
gauge of in itia l re s is ta n ce  R a t a given tem pera ture , fo r  a p a r t ic u la r  
tem perature  change dT.
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TCR = (dR/R)/dT 4.2.1
For an unstrained, bonded sem iconductor s tra in  gauge of re s is ta n c e  Rq a t 
tem pera tu re  Tq, the r e s is ta n c e  Rj, a t  an increased tem pera tu re  T (where 
T = Tq + dT) is:
Rt  = Ro ( 1 + r g d T )  4.2.2
Where rg is  the bonded tem pera tu re  coeffic ien t of re s is ta n c e  of the 
sem iconductor s tra in  gauge.
The res is tance , and variation of re s is ta n ce  w ith  tem perature , 
of ex tr in s ic  semiconductors decrease  as the dopant level is  increased. 
Moreover, since the number of dopant atom s in ex tr in s ic  sem iconductor 
^ m ateria l is  lim ited, a t  very high tem pera tu res  the re s is ta n c e  versus
I  tem pera tu re  c h a ra c te r s is t ic  of an ex tr in s ic  sem iconductor approaches
th a t  of in tr in s ic  sem iconductor m ate ria l,  which varies  w ith  tem pera tu re  
as:
p / T
r e s is t iv i ty  p = a  e  4.2.3
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a  and p are cons tan ts  and T is  the  absolute tem perature.
The tem pera tu re  varia tion  of r e s is t iv i ty  fo r  heavily and lightly  
doped semiconductor m ateria l  is  shown in figure 4.2.1.
Extrinsic
Resistivity! ionisation
Intrinsic semiconductor
Light doping
Heavy doping
100 200 300 400 500
Temperature (K)
Tem perature Variation of R es is t iv ity  fo r  Heavilu and Lightly Doped 
Semiconductor Material
Figure 4.2.1
If the re s is t iv i ty  of a semiconductor s tr a in  gauge is  re la tive ly  
high (eg > 1 x 10"^ n m )  due to  a low dopant level, then the tem pera tu re
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A.
coeffic ien t of re s is ta n c e  will be large. However, If the gauge r e s is t iv i ty  
Is low (eg < 1 X 10"^ ^m) then the tem perature  coeffic ien t of re s is ta n ce  
will be small (Ie the re s is ta n ce  variation may be only a few percent for a 
tem perature  variation from room tem perature  to 350K). Typical
re la tionsh ips  are  I l lu s tra ted  by figure 4.2.2. Here Rg Is the re s is ta n ce  of
the unstrained gauge a t r‘oom tem pera ture  and Rj Is the res is ta n ce  of the 
gauge a t  Increased tem pera tu res  up to 550K.
dR.
1 . 0
Relatively lightly doped 
semiconductor material 
(10^”* atoms m”^)
0 .5
Room
Temperature
Relatively heavily 
doped material 
(10^^ atoms m”^)
0
200 300 400 600500
Temperature (K)
Relative Variation of Resistance of Silicon Semiconductor S train  Gauges 
with Tem perature  Variation
Figure 4.2.2
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AThe c h a ra c te r is t ic s  i l lu s tra ted  by figure 4.2.2 are for p-type 
s ilicon  [111] and n-type s ilicon [100]. Although the tem pera tu re  
coeffic ien t of re s is ta n c e  is positive  for the tem perature  range shown in 
figure 4.2.2, a t  very low tem pera tu res  it is negative.
For tem p era tu res  g rea te r  than approximately 500  to 700K 
sem iconductor s t r a in  gauges behave according to the inverse (on a 
logarithm ic sca le)  absolute tem pera ture  law of in tr ins ic  sem iconductors  
(equation 4.2.3) and exhibit a negative tem perature  co eff ic ien t  of 
res is tance . However, such tem pera tu res  are above those a t  which 
sem iconductor gauges are generally employed.
Figure 4.2.3 shows experimental re su l ts  obtained for the  
varia tion  of re s is ta n c e  w ith  tem perature  of an unstrained p -type  s ilicon  
s tra in  gauge of gauge fac to r  140. The gauge, which had a backing, w as 
bonded, using P2 po lyester  adhesive as  described in the previous chapter, 
to thin s ta in le s s  s tee l  s tr ip  20 mm wide and 300 mm long. In itia lly  th is  
w as placed in a th e rm o sta tica lly  controlled re fr igera tion  unit. It w as  
la te r  t ra n sfe rred  to a th e rm o sta tica lly  controlled oven. R esis tance  
readings w ere taken over a range of tem pera tu res  (each accu ra te  to ±2K) 
a f te r  allowing the tem pera ture  to s tab il ize  each time. The re s is ta n c e
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was m easured using a digital ohm m eter (accurate to ±0.01^ ) and dummy 
leads w ere employed for tem perature  compensation. As a check, 
readings were la te r  obtained for a nominally identical s tra in  gauge over 
the same range of tem peratures . Very s im ilar  re su l ts  were obtained for 
th is  gauge. Using the gradient of the graph (figure 4.2.3) the tem pera tu re  
coeffic ien t r  was found to be 17.6% per 100K, which corresponds closely 
to th a t  c ited  by the m anufacturer.
Resistance
ohms)
420
400
380
360
340
270 300 330 360 390 420 Temperature (K)
Variation of Gauge Resistance With Temperature
Figure 4.2.3
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Values quoted by manufacturers for r are generally for
unbonded gauges. The bonded temperature coefficient of resistance rg
consists of two parts, namely an intrinsic temperature coefficient of 
resistance r and an apparent strain contribution due to the difference in 
thermal expansivity between the gauge and the substrate. Hence, if the 
gauge is bonded to a substrate of coefficient of thermal expansivity 
then: + ( a^ - a^) k 4.2.4
Where a ^ is  the coefficient of thermal expansivity of the semiconductor
strain gauge and k is the gauge factor. For silicon a is about 2.5 x 10"^
G
mm/mm/K. Table 3 gives typical values of r, expressed as a percentage 
per ÎOOK, and gauge factor, for p and n-type gauges of various doping 
levels.
p-type silicon n-type silicon
r: % per 100K k r: % per 100 K k
7.2 100 3.6 -100
5.4 115 10.8 - 110
Î0.6 130 23.4 -120
18.0 140 28.8 -130
32.4 155 43.2 -135
Temperature Coefficient of Resistance r. for Different Gauge Factors 
(Based on values given by Kulite^^^b
Table 3
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When w ire  or metal foil gauges are used th e i r  thermal 
expansivity coe ff ic ien ts  may be modified to provide compensation for 
the apparent s tra in  arising from the differentia l coeffic ien t of thermal 
expansivity of the substra te . This is  not possible in the case of 
semiconductor s tra in  gauges and o ther means of compensation m ust thus 
be devised.
4.3 COMPENSATION FOR THERMAL ZERO SHIFT
This sh if t  in bridge zero due to gauge re s is ta n c e  change w ith  
tem perature  can be compensated for in four main ways:
(i) Use of dummy gauge
(ii) Self-com pensation 
(ili) Dual elem ent r e s is to r s  
(iv) Parallel re s is to rs .
(i) It w as found th a t  when a single p-type silicon gauge w as used 
it was possible to provide tem perature  compensation fo r  zero sh if t  by 
introducing a dummy gauge in the bridge circuit. This was put in a gauge 
pair arrangement, as in figure 4.3.1. It was necessary  to locate  the
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dummy gauge Isotherm ally  w ith the active gauge for p rec ise  
compensation to be achieved, although such locations are  not a lw ays 
convenient or practicable . With th is  arrangement a zero sh if t  of 250 mV 
with a 50K tem pera tu re  r ise  was reduced to 0.1 rnV.
A -
B -
active
gauge
dummy
gauge
Zero Shift Compensation w ith Dummy Gauge
Figure 43.1
(ii) Zero d r if t  can be reduced w ith  self-com pensation  in an n-type 
silicon s tra in  gauge. As shown in Table 3, semiconductor s t r a in  gauges 
made from n-type m ateria l have negative gauge factors . From equation
4.2.4 i t  can thus be seen th a t  the value of rg, the TCR of a bonded gauge,
will be zero or have a negative value if the d ifferen tia l  therm al 
expansivity ( a - a  ) is  g rea te r  than r, the unbonded TCR.S G
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(iii) Il Is possible to  obtain dual element (ie p - type  and n-type 
pairs)  s ilicon  sem iconductor s tra in  gauges. If these  are  put in ad jacen t 
arm s of a Wheatstone bridge, then, depending on the value of fo r  the 
su b s tra te ,  se lf-com pensation  can be accomplished.
In th is  case the  therm al zero output voltage will equal zero 
when (fo r  n-type gauges having and r^ and p-type gauges having:
kp and Pp)
“ s =°G * '"n ■ '■p 4.3.2
Pnl + kP
(NB Additional trim m ing using small pieces of w ire  w ith  a high TCR 
Inserted  into appropria te  a rm s of the bridge can fu r th e r  reduce 
apparent s tra in  levels.)
(iv) When four p - type  s ilicon  s tra in  gauges are  used in a 
W heatstone bridge c irc u i t  th e re  will be zero output voltage fo r  no
applied s tra in  if  the bridge is  exactly  balanced (ie R3  = R2  R4 ).
However, there  will be a therm al zero sh if t  if the TCR of each arm  is  not 
identical. The l a t t e r  condition is  not easily achieved because the  
re s is ta n c e  of each gauge, bonding to  su b s tra te  and bonded TCR m ust all
be identical. Nevertheless, i f  a fixed r e s is to r  Rp, which has a low TCR is
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connected across the arm of the bridge which has the largest TCR (eg R2)
this will reduce the effective TCR of that arm and so compensation for 
thermal zero shift is achieved. Simultaneously, the bridge can be
re-balanced for zero strain by connecting a series resistor R ,^ across the
open node of the bridge as shown in figure 4.3.2.
Modified Wheatstone Bridge for Thermal Zero Shift Compensation and 
Non-Zero Null
Figure 4.3.2
in
An experiment was carried out to explore this. The task of 
selecting the required series resistance was achieved by initially
using a decade resistance box for Rg and adjusting this until there was
zero output voltage for no applied strain. Then the required value of 
resistance and the arm of the bridge (ie A or B in figure 4.3.2) to which it 
was connected was noted, as w^ as ambient temperature, which was 293K.
The gauge assembly was then placed into a low temperature 
oven and the temperature raised (by 50K). After measuring the output 
voltage for no applied strain and noting its polarity a second decade
resistance box (for Rp) was put in parallel with the bridge arm which had
the largest TCR (as indicated by the polarity of the zero shift). A series
of values for resistor Rp were substituted and, at each substitution, the
value of Rg was adjusted to give zero output voltage for zero strain. The
values of Rp and Rg v/ere noted each time and then the gauge assembly
was removed from the oven and allowed to return to the initial 
temperature of 293K.
112
The same pairs of values of Rp and R^  used at the elevated
temperature were then substituted. In turn, at the lower temperature 
until no output was observed. Only one pair of resistances gave zero 
output voltage for both the low and elevated temperatures. Once this 
had been done the decade boxes were replaced by fixed resistors of the 
appropriate values.
In practice it was found that metal oxide resistors, which have 
a low TCR (< 1 X 10""^  n  K"b were suitable for this application. A
typical value for Rg which was used was 7 n  and the corresponding value
for Rp was 20 k n  . For a different elevated temperature than that 
explored a different value pair of resistors would have been required.
If computer matched gauges are used then, according to some 
semiconductor strain gauge manufacturers,^^^) thermal zero shift  
compensation may not be necessary for a number of applications.
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4.4 TEMPERATURE COEFFICIENT OF GAUGE FACTOR
The gauge factor k not only depends upon the level of doping but 
also varies as a function of temperature. This Is Illustrated by figure
4.4.1 which shows the gauge factor of p-type silicon gauges at various 
degrees of doping and different temperatures. For silicon, r the 
temperature coefficient of resistance Is positive but G, the temperature 
coefficient of gauge factor. Is always negative. However, like 
resistivity, the magnitude of 6 decreases with Increasing level of doping.
Gauge Factor 
(k)
280
light doping [ p  y240
200
160
120
80
40 heavy doping i p  -  10*" Cm)
270 330 510 Temperature (K)390 450
Variation of Gauge Factor with Temperature for Different Levels of 
Doping (p-type silicon)
Figure 4.4.
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If levels of doping are high (> 10^^ atoms rn"’-') then the gauge 
factor Is virtually Independent of temperature. However, partly because 
of the difficulty In producing highly doped m aterial of uniform Impurity 
concentration on a production basis, manufactured gauges have somewhat 
lower levels of doping (< 10^^ atoms rrf '^) and gauge factors such as 
those shown In Table 4. If higher levels of doping are used the gauge 
factor Is reduced accordingly.
p-type silicon n-type silicon
Gauge Temp coeff of Gauge Temp coeff of
Factor, k gauge factor: G 
(% per 100K)
Factor, k gauge factor: G 
{% per 100 K)
100 -  10.8 -100 -21.6
115 -  14.4 -110 -23.4
130 -  16.0 -120 -27.0
140 -  19.8 -130 -32.4
155 -  23.4 -135 -36.0
(Values are for unbonded gauges based on values given by KuHte^^G)
Temperature coefficient of gauge factor 
Table 4
The linear temperature dependence of k may be expressed as:
= Kq (1 + GdT) 4.4.1
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k j  is  the value of the gauge fa c to r  a t  an elevated tem pera tu re  T, w here T
= Tq + dT, and kg Is the gauge fa c to r  a t  tem perature  Tq. The unbonded
tem pera tu re  coeffic ien t of gauge fa c to r  is  represented  by G, fo r  which 
typical values are given in Table 4.
Account m ust be taken of the in terac tion  betw een a 
sem iconductor s tra in  gauge and the  su b s tra te  to which i t  is  bonded 
because E, the Young's modulus of the  su b s tra te ,  can change w ith  
tem perature . The magnitude of E fo r  many common m a te r ia ls  d ec reases  
w ith tem pera tu re  according to the linear  relationship:
Ej = Eq (1 + m dT) 4.4.2
Where T is  an elevated tem pera tu re ,  equal to Tq + dT, and m is  the 
tem pera tu re  coeffic ien t of Young's modulus ( therm oelas tic  coeffic ien t) .  
Hence, the e ffec tive  tem pera tu re  coeffic ien t of gauge f a c to r  Gg, fo r  a 
bonded semiconductor s tra in  gauge, is:
Gg = G - m 4.4.3
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For most metals m is approximately minus 4^ per ÎOOK rise in 
temperature.
4.5 COMPENSATION FOR TEMPERATURE COEFFICIENT OF GAUGE FACTOR
Investigations were carried out of five possible means of 
compensating for errors arising from G, the temperature coefficient of 
gauge factor. A fundamental difference between the first two means 
investigated was the type of circuit energization employed. Two other 
means involved different ways of providing constant current through the 
strain gauge in a bridge circuit. The five methods may be put into four 
main groups A, B, C and D; as follows:
A (1) Circuit compensation for constant voltage bridge supply
(i1) Circuit compensation for constant current bridge supply 
B Constant cun'ent through gauge using series resistor
C Compensation using thermistor(s)
D Compensation by matching temperature coefficients of resistance
and gauge factor.
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Method A (i)
For constant voltage circuit energization compensation can be 
achieved with a series resistor R^ , introduced into the bridge circuit as 
shown in figure 4.5.1.
Circuit for Constant Voltaoe SuddI u to Compensate for Loss of Strain 
Sensitivity with Temperature Increase
Figure 4.5.1
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Compensation is  achieved, in th is  case, by virtue of the fac t  
th a t  the tem perature  coeff ic ien t  of gauge res is tance  is  positive while 
the tem perature  coeffic ien t of gauge fa c to r  is negative (see Tables 3 and 
4  respectively) fo r  p-type s ilicon  gauges.
This w as investiga ted  experim entally  and i t  w as found th a t ,  
provided the magnitude of the  tem pera tu re  coeffic ien t of gauge 
res is tance  w as g rea te r  than th a t  of the tem perature  coeffic ien t of gauge 
fa c to r  fo r the bonded s tra in  gauge, i t  w as possible to s e le c t  a value fo r
Rg (which ac ts  as a voltage divider) such that,  when the tem pera tu re  is
increased, the voltage a t  the s t ra in  gauge was increased a t  a ra te  equal 
to the decrease in gauge factor.
The c ircu it  can be considered as  a voltage divider w ith  the 
bridge tre a ted  as a single  r e s i s to r  w ith  a positive tem pera tu re  
coeffic ien t of re s is ta n c e  and the  bridge voltage is  caused to  vary in 
proportion to  the ra t io  of the  tw o res is tances . Thus when the
tem perature  increases  Vq f a l ls  R r is e s ,  reducing current, increasing V 
and thence restoring  Vq .
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o
Basic Thermal Compensation Circuit fo r  Constant Voltage Energization 
Figure 4.5.2
From figure 4.5.2 i t  can be seen th a t  the gauge (or bridge) energ ization  
voltage V is:
V = [ R / ( R g  + R)1 4.5.1
Where V| is  the (constant) voltage input and R is the gauge re s is ta n ce .  If
four s tra in  gauges are used in a sym m etrical bridge the bridge input 
re s is ta n ce  is  also R and changes w ith  tem perature  according to  the  
relationship:
4.5.2
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Rq is  the r e s is ta n c e  a t  room tem pera tu re  and Rj is  the re s is ta n c e  a t  an
elevated tem pera tu re  T (ie T = Tq + dT). As in equation 4.2.2, rg is  the 
bonded gauge tem pera tu re  co e ff ic ien t of resis tance .
Now a t  room tem pera tu re  Tq the application of a s t ra in  e
produces a signal output dVQ, which, from equation 4.5.1, will be given 
for a full bridge by:
dVo = Vj [Rq/R ç + Rq)] kQ c 4.5.3
At an elevated tem pera tu re  T, the  signal output was dVj, where:
d V ^  = [ R y / ( R g  +  R ^ ) l  k ^ E 4.5.4
From equation 4.4.1, k j  = kQ (1 + GdT)
Thus, dVj = Vj Ro (1 + rg  dT)
L R" ( 1 +rIdT )
kQ (1+GdT) C 4.5.5
s 0 B
(In the case  of cons tan t cu rren t energization is  replaced by IR.)
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Compensation is  achieved if  dV j = dVg, and so Rg is  found by equating
equations 4.5.3 and 4.5.5.
According to  Kulite^^^^ th is  gives:
Rg/Ro= IGg [rg/;i + rg  dT)] -  |6 g| - 1 4.5.6
To a f i r s t  approximation the te rm  rgdT is  much le ss  than 1. Thus:
4.5.7
but, from equation 4.2.4, rg  = r  + (Og -  Qq) k
4.5.8
r+( - ag) k - |GJ
It can be seen from equation 4.5.7 th a t  compensation may be achieved 
provided th a t  rg> |G g |.
122
The value of rg is  the same fo r  a full bridge as for a single
bonded gauge, but fo r  a half active bridge the value is  half th a t  of a 
single bonded gauge.
This method of therm al compensation w as te s te d  w ith  a p-type 
s ilicon gauge bonded to s ta in le s s  s te e l ,  w ith  an unstrained  res is ta n ce  of 
3 5 I n  a t  room tem perature . The gauge fac to r  a t  room tem pera ture  was
140, the bonded tem p era tu re  coeffic ien t of gauge fa c to r  Gg w as -  13%
per 50K and the bonded tem pera tu re  coeffic ien t of re s is ta n c e  rg, 
calculated  from equation 4.2.4 w as 20.1% per 50K. Thus the gauge 
s a t i s f ie s  the c r i te r ia  th a t  rg  >|6 g|. Then, using equation 4.5.7;
Rg = 643
To examine the e f fe c t  of employing a se r ie s  r e s i s to r  of th is  
value the gauge w as  sub jec ted  to 300 p s tra in  a t  room tem pera tu re  
(293K), then again a t  a tem pera tu re  of 343K using the c ircu it  shown in 
figure 4.5.1, but w ith  a single gauge. The output voltage w as recorded in 
each case and again w ith  the compensating r e s is to r  removed. Table 5 
gives these output voltages.
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Temperature (K) dV (rnV)
293 (w ith  compensation) 52.0
343 50.8
343 (w ithout compensa­ 47.4
ting re s is to r )
Output Voltage fo r Compensated and Uncompensated Gauge
Table 5
The difference in output for the compensated and uncompensated 
gauge a t  343K is  roughly equivalent to a reduction of 20 p s tra in . The 
s tra in  measured a t 343K using th is  c ircu it  is  approximately 2% le ss  than 
tha t m easured a t  room tem perature . This is  within the experim ental 
error incurred in tran sfe rr in g  the loading system  into the oven. Even th is  
level of improvement may prove acceptable over a lim ited  tem pera tu re  
range.
Method A (li)
For constan t cu rren t energ ization  a shunt r e s is to r  Rp, in paralle l 
w ith  the bridge supply, w as  used. In th is  case the  r e s i s to r  w as
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se lec ted  such th a t  i t  acted  as a curren t divider so tha t the voltage a t the 
s tra in  gauge(s) increased a t a ra te  which was equal to the decrease  in 
gauge fa c to r  w ith  r ise  in tem perature. Figure 4.5.3 shows the c ircu it  
used for this. Constant current energization was provided using the 
system  described in sec tion  3.5.
Constant
Current
Constant Current C ircuit Compensation for Loss of S tra in  S e n s i t iv i ty 
w ith  Tem perature  r ise
Figure 4.5.3
This means of compensation was investigated experim entally  
using the same gauges, tem pera tu re  increase and applied s t r a in  as  used 
in the constan t voltage energization investigation. In th is  case  equation
4.5.1 becomes:
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V = I  R [R/(R^ + R)] 4 5 .9c p p
As before, the gauge re s is ta n ce  at room tem perature  Is R and, for a 
symm etrical bridge of four gauges of res is tance  R, the bridge input 
re s is tan ce  is  R, and changes w ith  tem perature  accordinging to equation
4.5.2. By The ven ins  theorem, Rp works out to be the same value
res is tan ce  as the s e r ie s  re s is ta n ce  with constant voltage energization.
When te s te d  experim entally , using the same applied s t ra in  and 
elevated tem pera ture  as in the constant voltage case, i t  w as found th a t  
the uncompensated s tra in  magnitude was 19 p. s tra in  low er than th a t  
measured when the compensating shunt was introduced. As before, the 
compensated s tra in  magnitude was lower (alm ost 2%) than th a t  
measured using th is  c ircu i t  a t  room temperature.
If high precision is  required then m easurem ents would need to  be 
taken so th a t  the actual tem perature  coeffic ien ts  of gauge f a c to r  and 
re s is t iv i ty  could be detemined for the particu lar bonded gauge(s) ra th e r
than using m anufacturer 's  values. Then the calculated values of Rg or Rp
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would provide compensation for loss in gauge fa c to r  w ith  tem perature  
r ise  which would be specific  for the gauge(s) and conditions.
Method 8
When the tem pera tu re  of a semiconductor s tra in  gauge increases, 
R increases  and s ince k is  proportional to dR/R, i t  is  decreased. This 
contribution to gauge fac to r  reduction can be elim inated (Neubert^^^b by 
keeping the gauge current constant, since output voltage is then 
proportional to dR not to dR/R.
If cons tan t voltage bridge energization is  employed i t  is s t i l l  
possible to provide approximately constant current through a gauge by 
simply putting a high re s is ta n ce  in se r ie s  w ith  it. (This method was not 
te s te d  experimentally.)
Method C
Compensation s im ila r  in principle to method A, but which can be
used w ith any re la t iv e  values of rg and Gg, can be achieved by using a
th e rm is to r  w ith  a negative tem perature  coeffic ien t of re s is ta n ce  (NTC). 
This can be e i th e r  in se r ie s  or parallel w ith  a fixed r e s i s to r  in order to 
ad just the re s is ta n c e  and TCR of the combination. The values m ust be
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chosen fo r th is  so tha t the voltage across  the bridge in c reases  (due to 
the decrease  in th e rm is to r  re s is ta n c e  with tem perature  increase) to 
compensate for the reduction in c ircu it  sensitiv ity .
Although th is  was not investigated  experim entally , the 
arrangement shown in figure 4 . 5 . 4  could be used w ith e i th e r  a single 
gauge or w ith  several gauges in a bridge.
T - NTC Thermistor.
R (fixed)
Temperature Coefficient of Gauge Factor Compensation using a
T herm isto r
Figure 4 . 5.4
It is  necessary th a t  the th e rm is to r  c ircu it  is  a t  the  same 
tem perature  as the s tra in  gauge(s).
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Method D
Baker^^^) points  out th a t  if  the gauges have a bonded tem pera tu re
coeffic ien t rg equal to, but of opposite sign to th e ir  tem pera tu re
coeffic ien t fo gauge fac to r,  then if  constant current bridge energization 
is used the bridge will be se lf  compensated. Any a d ju s tm en ts  required 
to the compensation can be made using a shunt re s is to r ,  as  shown in 
figure 4.5.3.
4.6 COMPENSATION FOR TEMPERATURE EFFECTS ON CIRCUITS
In addition to  changes in semiconductor s tra in  gauge re s is ta n c e  
and gauge fa c to r  w ith  tem pera tu re  change, when long leads are  used 
there may be changes of lead re s is ta n c e  and also con tac t re s is ta n c e  w ith  
tem perature. Although the e f fe c ts  are small they may be s ign if ican t 
when gauges are compensated fo r  tem perature  e ffec ts .
Mansfield^^^) has shown th a t  these  additional changes will bring 
about a reduction in the gauge fa c to r  as  follows:
kjij = k [R/(R + R^j + R l2  ^C1 ^ ^C2^^ 4.6 .1
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Is the new, reduced gauge fac to r ,  R is  the gauge re s is ta n ce ,  R^j and
Rj_2 are lead r e s is ta n c e s  and and Rq2  are  contact re s is ta n c e s ,  as 
shown in figure 4.6.1.
Two Lead Wire System  for Quarter Active Bridge
Figure 4.6.1
If i t  i s  not possible to  determ ine the reduced gauge fa c to r  then the  
e f fe c ts  may be reduced w ith  a th ree  lead wire configuration (figure 
4.6.2).
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Three Lead Wire Configuration for Quarter Active Bridge 
Figure 4.6.2
In e f fe c t ,  the ex tra  lead tra n s fe rs  one of the original lead w ires
into an ad jacen t bridge arm (in th is  case the arm containing R^). This is
achieved by using the ex tra  lead fo r  the bridge supply and connecting i t  
to the junction of the active  gauge and one of the bridge completion
leads. If R and R2 are of the same value and if the two bridge completion
w ires  have equal re s is ta n ce ,  experience the same ambient conditions, 
have the same spec ific  heat capacity  and mass then the reduction in 
gauge fac to r  can be halved (equation 4 .6 .3 ).
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The balance equation m ust be modified to account for the change in 
lead re s is ta n c e  (dRj_| and dR^2 ) and contact re s is ta n ce  (dR^j and dR^2) 
w ith  tem pera tu re  change. Thus It becomes;
[R+R|_ I +dR|_ I +Rq I +dR[ | ]R3=[R2‘^ R[_2'^^^L2^^C2^^^C2^^4 4.6.2
As can be seen from equation 4.6.2, Rj_|, R^j and R[_2 . ^C 2
opposite s ides  of the equation. Thus e f fe c ts  are now a t t r ib u ta b le  to 
d iffe rences  betw een them (ie not th e ir  sum, as  when a tw o lead w ire  
system , such as  shown in figure 4.6.1, is  used). Moreover, the reduction 
in gauge fa c to r  (equation 4.6.1) is now covered by one lead only and so is 
reduced by a half to:
k|^ = k [R/(R + Rj_ I Rq I )] 4.6.3
An experim ent w as carried  out to explore th is ,  employing a 1000% 
p-type silicon  gauge. F irs t ,  a two lead w ire  system  (figure 4.6.1) using 
lead w ires  5  m long w as  s e t  up, and the en tire  c ircu it  placed in an oven 
and the tem pera tu re  ra ised  by 50K. A load producing a known s t r a in  w as
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employed and the bridge output w as measured using a digital voltmeter. 
A th ree  lead w ire  system  (figure 4 6 .2 )  was then se t  up by adding another 
5 m long lead w ire  to the tw o lead w ire  system. When the oven 
tem pera tu re  was ra ised  by 50K and the same s tra in  applied as before, 
the measured bridge output w as about 2% higher. This d ifference means 
th a t  there  are thermal e f fe c ts  which bring about a reduction in gauge 
factor.
It i s  suggested by Mansfield^^^^ th a t  a balancing r e s i s to r  should 
be placed across  the bridge r e s is to r s  (R2  and R3 ). Then any change in
e i th e r  the lead re s is ta n c e  (R^^) or the contact re s is ta n ce  (Rg^) of the 
th ird  lead and the bridge completion w ire  will not produce zero sh if t .
For a sym m etrical bridge or fo r  a half active bridge the th ird  lead 
could be put in the output c ircu it.  However, if  i t  is  put in the supply 
c ircu it  i t  will induce le ss  noise in the high impedance detector.
If an asym m etrical bridge is  used, w ith  the asymm etry across  the 
supply (R2  then the th ird  lead should only be in the supply c ircu it ,  
since the lead m ust be in s e r ie s  w ith  the same re s is ta n ce  value in order
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for the compensation to be effective.
4  7  GENERAL OBSERVATIONS AND COMMFNTR
As Welsh^^^) has pointed out, the employment of inorganic bonding 
agents, ra th e r  than organic epoxy bonding, can re su lt  in improved thermal 
s ta b i l i ty  and, hence, improved accuracy of s tra in  measurement. This is  
because inorganic bonding media generally have thermal expansivity 
c o eff ic ien ts  s im ila r  to those of m etal su b s tra te s .
When using sem iconductor s tra in  gauges care m ust be taken to 
avoid exceeding the sa fe  gauge current, as indicated in section  3.5. Any 
reduction in gauge s ize  m ust be accompanied by a reduction in gauge 
current, and if  su b s tra te s  have low therm al conductivity, then low er 
gauge cu rren ts  are also recommended than fo r  use w ith  m etal su b s tra te s .
Some m anufacturars^eo) have devised Integrated sem iconductor 
p ressure  transducers  w ith  passive  tem pera tu re  compensation using 
on-chip balancing re s is to rs .  The requ ired  r e s i s to r  values are  
conventionally determined such th a t  they a f fe c t  the bridge balance. It is  
c la im e d (6 0  th a t ,  if  the appropriate dopant level is  se lec ted  and constant 
current energization is  employed then a lm ost complete compensation can
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be achieved over a tem pera tu re  range from somewhat below room 
tem pera tu re  to more than 50K above room tem perature. Integrated 
semiconductor transducers  w ith  on-chip passive tem pera tu re  
compensation have a lso  been devised^^^^ for use a t cryogenic 
tem peratures .
An active tem pera tu re  compensation system  fo r  use w ith  
semiconductor p ressure  t ransducers  has been devised by Welsh e t  al^^^^. 
This uses a tem pera tu re  s tab le  r e s i s to r  in se r ie s  w ith  a regulated 
voltage supply and a bridge. If the bridge tem perature  changes the 
excita tion  current and hence the voltage across the r e s i s to r  changes. 
This voltage is  used to  control continuously both the o f fs e t  and gain 
c h a ra c te r is t ic s  of a signal conditioning amplifier. The am p lif ie r  and 
r e s is to r  are housed in a common unit which is  remote from the  p ressu re  
transducer. Under specified  conditions, Welsh e t al. claim to  be able to 
reduce zero o ffse t  e rro rs  to  +0.05^ of fu ll-sca le  reading per 50K and 
gain c h a ra c te r is t ic s  have been reduced from a 2 % varia tion  to  0.2%  
variation of reading fo r  th is  same tem perature  range.
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4 8  SUMMARY
Semiconductor s tra in  gauges display four undesirable thermal 
c h a ra c te r is t ic s  to a g re a te r  degree than wire or metal foil gauges. 
Namely:
(i) Temperature coeffic ien t of re s is t iv i ty
(ii) Temperature coeffic ien t of gauge fa c to r
(iii) Variation of gauge non-linearity  w ith  tem perature  r ise
(iv) Apparent s tra in  induced by d ifferen tia l  thermal expansion between
the gauge and su b s tra te .
The tem pera tu re  coeffic ien t of r e s is t iv i ty  of sem iconductor 
s tra in  gauges is  positive fo r tem pera tu res  from somewhat below room 
tem pera tu re  to  several hundred kelvin above room tem perature . 
Increased dopant level reduces the magnitude of the tem perature  
coeffic ien t of re s is t iv i ty .
The sh if t  in W heatstone bridge zero due to  gauge re s is ta n ce  change 
w ith  tem perature  can be compensated by:
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(i) Use of dummy gauge(s) 
{ii) Self-com pensation
(iii) Dual elem ent gauges
(iv) Paralle l re s is to rs .
The tem pera ture  coeffic ien t of gauge fac to r  is  negative and can 
be reduced by increased dopant level. Compensation may be achieved by;
(i) Circuit compensation by se r ie s  r e s i s to r  (constant voltage)
(ii) C ircuit compensation by parallel r e s is to r  (constant curren t)
(iii) Constant current through gauge using se r ies  r e s i s to r
(iv) Compensation using th erm is to r(s)
(v) Compensation by matching tem pera ture  coeffic ien ts  of re s is ta n c e  
and gauge factor.
Changes in lead and con tact re s is tan ce  w ith  tem pera tu re  can 
re su lt  in reduced output, but if a th ird  lead wire is  introduced into the 
bridge supply c ircu it  th is  reduction can be halved.
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On-chip passive tem pera tu re  compensation sy s tem s  for 
semiconductor p ressu re  transducers  have been devised, and active 
tem perature  compensation sy s tem s  are currently  being developed.
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CHAPTER 5
P hotoelectric  S ens itiv ity  of Semiconductor S tra in  Gauges
5.1 INTRODUCTION
Relatively high ambient light levels  have been found to  
influence the re s i s t iv i ty  of sem iconductor s tra in  g a u g e s ^ X a v i e r  
and Vogt^^^^ observed both a photovoltaic and a photoconductive e f fe c t  
when silicon sem iconductor s tra in  gauges w ere illum inated w ith  
fluorescent light of quite  high in tensity  (> 4000 lux). Both e f fe c ts  w ere 
reported as showing a maximum fo r  illum ination by sources w ith  
wavelengths between 800 nm and 900 nm, but w ere not found to 
influence s ign ifican tly  e i th e r  gauge accuracy or response.
An a t tem p t w as made in the p resent study to  explore the  s t a t i c  
photoelectric  response of typical s ilicon sem iconductor s tr a in  gauges 
illuminated by various light sources including monochromatic and high 
in tensity  sources. A fte r  undertaking various prelim inary  experim ental 
investigations a detailed  study was carried  out to  examine the dynamic 
photosensitiv ity  of sem iconductor gauges. This w as  done w ith  gauges
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illuminated by a xenon flash (of the type typically employed for 
photography) and quite a pronounced response, compared to the static  
response, was detected with the aid of a transient recorder.
5.2 OPTICAL RESPONSE OF P-N JUNCTIONS
The photovoltaic effect Is normally observed when a p-n 
junction Is Illuminated by light of a suitable frequency and It is found 
that a voltage is developed across the junction. In this case the voltage 
Is limited In magnitude to the barrier height of the particular junction. 
The polarity will be the same as the forward bias voltage w'hen the
junction Is employed as a rectifier. The open-clrcult photovoltage is
given by:
Voc= ECe
I
S
5.2.1
K Is Boltzmann's constant T is the absolute temperature, e is the 
electronic charge, A Is the area of the junction, G Is the optical
generation rate. Ip and 1^  are the hole and electron diffusion lengths, 
respectively, and Ig is the reverse saturation current.
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In the case of the semiconductor strain gauge there Is no p-n 
junction but a photovoltaic effect may occur at the metal contact 
junction If they are not properly ohmic, but retain some rectifying 
characteristic. Similar behaviour to the p-n photo]unction Is expected.
Ohmic Light
contact
(covered)
Metal contact 
(forming barrier
Semiconductor
material
Semiconductor Gauge Under Light Radiation 
Figure 5.2.1
The magnitude of the voltage measured, as In figure 5.2.1 between one of 
the metal contacts and the second contact, Is equal to the photo voltage 
and Is dependent on the dopant level.
The Influence of Illumination level Is Illustrated by figure
5.2.2, which shows photodiode characteristics for three different levels 
of Illumination. This Is photoconductlve operation, and as can be seen, an 
Increase In light Intensity does not alter the shape of the characteristic 
but shifts It lower down the current axis.
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A = lowest illumination level 
C = highest illumination level
Diode Characteristics for Three Different Illumination Levels. To show 
the influence of light intensity. (Photo conductive operation)
Figure 5.2.2
The diode equation in this context is:
exp eV -1
KT
5.2.2
Where the total diode current is I, L is the saturation current, L is the
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optically generated current (photocurrent) and V Is the voltage across 
the diode. The open circuit photovoltage is then given by the intersection 
of these characteristics with the voltage axis, and its variation with 
light intensity is illustrated in figure 5.2.3. The limit of the 
photovoltage is the contact potential of the junction. Thus, maximum 
photovoltage depends on the doping level.
Ve
(volts)
0.6
0.4
0 . 2
2 4 6 8 10 (x'10^) Light Intensity (mWm ^ )
Photovoltage for a Silicon p-n Junction for Different Light intensities 
(Pankove^ '^^b
Figure 5.2.3
Although, for a semiconductor strain gauge, the dopant density is fixed, 
there will be a change in band structure, and hence barrier properties,
when the gauge is strained. Thus the photo voltage Vg may change.
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5.3 PHOTOCONDUCTIVITY IN BULK FiFMimMnnnin.PR
Photoconductivity is the increase in conductivity due to 
absorbed photons creating free earners. If no light is incident on the 
semiconductor material shown in figure 5.3.1 then the only carriers
present will be thermally generated ones.
Incident light
Photoconductor
Electrode
Electrode
Photoconductor Under i 11urninotion
Figure 5.3.1
When a bias Is applied to the photoconductor with no light incident upon 
it the current flowing is known as the dark current*. If light is incident 
on the photoconductor there will be photogenerated electron-hole pairs 
produced in addition to the existing thermally generated population. This
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additions! current is known as the ‘photocurrenf. This current is only 
detectable if it is a significant fraction of the dark current. The two 
basic cases to consider are intrinsic photoconduction and impurity 
photoconduction. The former is when a photon raises an electron from 
the valence band to the conduction band, hence producing a free electron 
and a free hole.
Conduction band
E - energy gap
Photon Photon- Valence band
Photoconductivity
Figure 5.3.2
Impurity photoconduction occurs when a photon ionises an 
acceptor or donor atom. Only one free carrier is produced in this case. 
The energy required is far less than the band gap energy E (figure 5.3.2) 
of the semiconductor.
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For 8 photoconductor to have high sensitivity to light it is 
necessary that mobility |i is high and carrier lifetimes are long. The 
number of electron-hole pairs generated per second N, depends on 
wavelength;
N = g PA /(he) 5.3.1
(g is the quantum efficiency, P is the optical power at wavelength X, h 
and c are constants). The geometry of the device influences the 
sensitivity. To maximise the quantum efficiency at a given wavelength, 
the dimensions of the device must be in keeping with the absorbtion 
coefficient since, on passing through an absorbing medium, a beam of 
light is attenuated and the reduction in intensity I  is proportional to the 
distance travelled.
If the intensity is reduced, over a distance 5x,to I - 61 then:
6 I / I  = -  a ÔX 5.3.2
a is the absorbtion coefficient, and, in the limit:
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dl/dx = - a  I  5.3.3
If 1 q  is the intensity at the surface of the material, then after travelling 
a distanceX, the intensity will be:
I = U  exp ( - a x )  5.3.4
a  varies with wavelength and, for silicon, the main feature is the 
absorbtion edge corresponding to photons with the band gap energy, at 
1.13iimin wavelength. For shorter wavelength (higher photon energies) 
the absorbtion increases steeply. Thus, light from a blue source will be 
absorbed far more than light from a red source of illumination.
The responsivity of a photodiode is defined as the ratio of the 
photocurrent to the incident optical power. Figure 5.3.3 shows the 
characteristic for a silicon photodiode. As can be seen the peak response 
is at about 0.9pm. The spectral output of the xenon flash tube is mostly 
within the range of this device.
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Responsivity 
(AW"')
0 . 2
Wavelength (pm)0.2 0.4 0.6 0.8 1.0 1.2
Responslvltu Character ls t jc  of a Silicon Photodiode
Flqure 5.3.3
A p- i-n  diode (p-type -  In tr insic  -  n-type) cons is t s  of a layer  
of p-type mater ia l and a layer  of n- type mater ia l,  of typical doping 
densit ies  10^4 atoms m"'^ and 10^2  a toms m"^ respect ively, wi th  a 
layer of very lightly doped mater ia l  (eg lO^O atoms r r f^)  between them. 
Hence the central region is a lmost  in t r ins ic  and the t ransi t ion  region is 
wide and virtual ly  independent of both the exact doping level and voltage. 
Since the transi t ion  region is wide (where the photogenerated ca r r ie r s  
drif t)  compared to the neutral regions (where relat ive ly slow diffusion 
occurs) the p - i -n  diode is  a high speed device. Section 5.6 describes 
experiments to compare the dynamic photosensi t ivi ty  of a p - i -n  diode 
with that of p- type sil icon s t ra in  gauges il luminated by the same source, 
a variable xenon flash unit.
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5.4 INVESTIGATION OF STATIC PHOTOELECTRIC RESPONSE
This investigat ion was intended to provide quali ta t ive 
information concerning the influence of s t a t i c  sources  of i l lumination on 
the re s i s tance  of si Icon semiconductor s t ra in  gauges. Since p- type 
si Icon gauges are most commonly used the s tudies  concentrated on these, 
of 500 ^ unstrained r es i s tance  a t  room temperature .
(i) Photovoltaic e f fec t
Semiconductor s t ra in  gauges mounted on thin s tee l  s t r ip ,  as 
described in chapter  3, were chiefly employed for  these studies.  A 
special room was  used which had a hea te r  f i t ted  with a the rm os ta t  to 
provide a constant  tempera ture  (292i1k).  The gauges were located in a 
l ight-proof  box which had an arrangement (see figure 5.4.1) to enable a 
known s t ra in  to be applied to the gauges. Light from the sources was  
passed through a tube so tha t  i t  was  incident normally on the gauges. As 
shown in figure 5.4.1, an in fra- red  absorber was  f i t t e d  to the tube.
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Thin layer of infra
red absorbing______
glass
Light source
(Not to scale)
Loading arm
Light proof box
(Electrical connections 
are not shown)
Gauge
Basic Arrangement for  Photoelectr ic  Response investigation
Figure 5.4.1
To explore a possible photovoltaic e f fec t  a small mask was 
made to cover the junct ions of the lead te rmina ls  with the 
semiconductor  mater ial .  The p-type sil icon gauges were then 
Illuminated for  100 seconds each t ime with a var iety  of l ight sources. 
Loads producing up to 300 p s t r a in  on the gauges were employed.
When each of the following light sources was  used, no open
circuit  voltage was de tected when e i the r  junction was  masked, when no
junction was masked or both junct ions masked. Neither was  any voltage
detected when each of these  t e s t s  was  repeated and the gauge subjec ted  
to various s trains .  The digital vo l tm ete r  used was s e t  on a 5 0 pv range
and could be read to 0.1 p. V.
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Sources
(a) 60W tungsten fi lament lamp
(b) SOW flourescent tube
(c) 60W quartz halogen lamp: maximum illumination level 5 0 0 0  lux 
at 0.01 m (operated at various power levels)
(d) ImW (output) helium-neon laser:  emission wavelength 600nm
(e) 60W ul t ra -v io le t  lamp: emiss ion wavelengths 300 to 400nm.
The fluorescent tube used was  of somewhat higher Intensi ty  (about 5000 
lux measured with a sens i t ive  photometer)  than tha t  used by Xavier and 
who did detect  a small response.
The entire  se r ie s  of exper iments  was repeated, f i r s t ,  using 
p-type silicon s tra in  gauges of unstrained res is tance  350 n and 120o q 
respectively, and second, using n-type sil icon gauges of unstrained  
res is tance  3500  and 1000 In no case was an open c i rcu i t  voltage 
detected. Neither was any voltage detected when the in f ra - red  absorber  
was removed and the gauges i l luminated with the various light sources.
As a check, the digital  vo l tm eter  used in these Invest igat ions  
was replaced by an oscilloscope. This could detect  a voltage change of
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0.01 p V, but i t  was  not found tha t ,  for  any of the s t ra in  gauges, a 
deflection corresponding to an open c ircu i t  voltage was produced on the 
oscilloscope screen.
No sign of recti fying properties  were found from e lectr ica l  
measurements  on the gauges. It is thus likely that  photovoltaic e f f e c t s  
seen by o ther  workers  are the re su l t  of poorly formed contac ts  which 
inadvertently possess  Schottky junction charac ter is t ics .
(ii) Photoconductlve e f fec t
With both junctions  of the sil icon s tra in  gauge covered by the 
mask invest igat ions were undertaken to discover if the gauges exhibited 
a photoconductive effect .  The gauges were connected to a sensi t ive  
digital ohmmeter  (resolution lO.OOl n ) and the change in re s i s tan ce  dR 
when the gauges were il luminated by the dif ferent  sources  of 
i l lumination was  recorded. This was  all carried out at  room tempera ture  
(292K). Typical r e su l t s  obtained for  a p- type sil icon s t ra in  gauge 
located 100mm below the light sources, are given in Table 6.
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No illumination Illumination source dR (ohms)
Unstrained Daylight (not sun) 0.022
Resistance R 
(with no light) Fluorescent  tube 0.040
515.002 ohms Laser (helium-neon) 0.062
(steady reading 
over 5 minutes) Quartz-halogen lamp 0.085
Change In Resistance. dR. for  Different Sources of Illumination 
Compared to no Illumination
Table 6
When the gauge was  subjec ted  to an applied s t ra in  of about 300 
p s tra in  ( tensile  and compressive s t r a in s  were used) changes in 
res is tance ,  dR’, were again observed when the gauge was  i l luminated by 
the various sources. The magnitude of dR' was  very sl ightly  higher in 
each case, than when the gauge was  il luminated but unstrained. For 
example, in the case of the quar tz  halogen lamp il lumination the value of 
dR' was 0.088 ü , compared to 0.085 n as  given in Table 6. Although the 
difference betv/een these  f igures  is  negligible in practice ,  the actual
153
magnitude of dR is equivalent to about 2 p s train ,  and so cannot be 
ignored. Even with normal daylight dR is equivalent to over 0 .5p strain.
Similar  corresponding cha rac te r is t ic s  were observed when 
p-type sil icon gauges of unstrained room temperature  res is tance  350 
and 1200 ü and n-type sil icon gauges of res is tance  350o  and 1000 o , 
were studied under the same conditions. In each case the sources  of 
longer wavelength produced the g re a te s t  change in resis tance.  (The 
maximum again was equivalent to nearly 2 p strain.) A small change in 
res is tance  was observed when each gauge was  il luminated by an 
u l t ra -v io le t  lamp which was equivalent  to a lmost  1 p strain .
When the in fra- red  f i l t e r  was removed from the arrangement 
shown in figure 5.4.1 and the gauges were il luminated by sources  such as 
the tungsten filament lamp ( for  10 minutes),  then, as expected, there  
was a gradual change in gauge r es i s tance  associa ted  with  the resul t ing 
increase  in temperature. The g re a te s t  change for  th is  source was 
equivalent to over 50 p strain.
Since no cal ibrated light source or means of accurately 
controlling the power output of the sources  was available,  these
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invest igat ions were basically quali tative.  However, since an immediate 
change in gauge r es i s tance  was  found with the infra-red f i l t e r  in 
position, and also when sources  such as a fluorescent  l ight end an 
u l t ra -v io le t  l ight were  used, a photoconductive r a th e r  than a purely 
thermal mechanism is  indicated.
5.5 INVESTIGATION OF GAUGE DYNAMIC PHOTOSENSITIVITY (pilot study)
The response of gauges to a short  duration flash of l ight under 
re la tively low ambient l ight conditions was  measured. An opaque tube 
25mm long was located over the s t ra in  gauges to prevent s t ray  light 
falling on them and a xenon f lash  tube was  placed above this.  For the 
pilot experiments  the p-type gauges were provided with a 6V power 
supply and an appropriate value res i s to r ,  such tha t  they were dc coupled 
with a t rans ien t  recorder* as shown in figure 5.5.1. The output from the 
recorder  was  fed to a Hewlet Packard 65 microcomputer  and then to an 
x/y plotter.  As before, the gauge junct ions were masked. The xenon 
flash unit had a fixed f lash  duration of 0.5 ms.
* (see Appendix 2 for  de ta i l s  of this)
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6V -O TR o-
x/y plotter
p-type silicon 
strain gauge
4700
TR - transient recorde
Basic Circuit  Arrangement for Dynamic Photosensi t ivi ty  Investigation
Figure 5.5.1
The bridge circuit  was  balanced by adjust ing the IK o 
potent iometer .  Using the t rans ien t  recorder  sample r a t e s  of 2ps  per 
sample (1024  samples) and 5 p s  per  sample were employed. The s t ra in  
gauge was  il luminated normally with the xenon flash, which had a lens 
and ref lector .  These measurements  were all undertaken a t  a temperature  
of 293 +1K. To confirm that  the response was a t t r ibu tab le  to optical 
radiation, the light from the f lash  tube was  stopped by an opaque screen 
from reaching the surface of the s t ra in  gauge. No response was  found In 
this  case.
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Representa t ive data,  obtained for  p-type sil icon gauges, of 
unstrained res i s tance  5 0 0 ^  a t  room temperature,  are shown in figures 
5.5.2 and 5.5.3. These are for  sample r a t e s  of 2ps  and 5p,s per sample, 
respectively. The output  voltage change dV for these  corresponds to 
a lmost  2 p strain.
dV
(mV)
- 0 .,2
0 .,1
0
0 .,1
+0 .,2
2 4 6
(Unstrained)
Time (ms)
Response of o-tvoe Silicon Gauge: 2 us per sample
Figure 5.5.2
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£7 
(mV )
-0 .2
0.1
0
0.1
0 . 2
+ 0 . 3
10 15 20
(Unstrained)
Time (ms)
Response of p - t upe Silicon Gauge: bis per sample
Figure 5.5.3
Calculation of ca r r ie r  dr if t  and diffusion t im es
After  undertaking various measurements  with p-type sil icon 
s train  gauges, calculations were made in order to provide an e s t im a te  of 
the likely inherent response t ime of the gauges.
For example, the ca r r ie r  d r i f t  t rans i t  t ime t, for a typical 
p-type sil icon s tra in  gauge of mobil ity 0.15 m^/Vs, active length 
0.5 X 10"^’rn and field of 15 x 10’-' V m “  ^ is;
• t = dr if t  length /V
= 0.5 X t0 " 3 / (0 .1 5 x  15 X 10^)
= 2 X 10” ^ s
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if the carr ier  l ife  t ime is very short  (and evidence presented la te r  will 
support this), then many ca r r ie r s  will not have time for t ra ns i t  and so 
photosensi tivi ty will he low.
The diffusion t i m e r  for  such a gauge is: 
r =  w^/2D. Where w is  the diffusion dis tance (Ô.5 x 10'^'m) 
and D is the diffusion coeff ic ien t  (0.0039 m^ s“ ‘ for e lec trons  and 
0.0012 m ^ s ‘ W o r  holes in silicon).
Therefore, r  = 2.56 x 10~^s for e lectrons
-5
and 8.33 x 10 s for  holes.
Carriers take this  amount of t ime to diffuse across  typical p-type 
sil icon s tra in  gauges and a decay from a light signal is expected to la s t  
at  leas t  100 |is . Much more is  found, due to o ther  mechanisms.
5.6 MAIN INVESTIGATION OF GAUGE DYNAMIC PHOTOSENSITIVITY
Having es tabli shed tha t  a photoconductlve e f fec t  could be 
detected, a more comprehensive se r ies  of measurements  were carried 
out on a variety of gauges.
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In these invest igat ions a variable duration xenon flash unit  was 
employed. A p- i-n  diode was also used to provide a basis  for comparison 
of the dynamic photosensi t iv ity  of the silicon gauges. The basic sys tem  
employed is shown in figure 5.6.1. To e l iminate  spurious 
electromagnet ic  e f fec t s  the aper tu re  and gauge mounting p late  were  
earthed.
I
System Used in Main Experimental Investigation of Gauge Photoe lec t r ic  
Sensi t iv i ty  with  Xenon Flash Unit and Transient Recorder
Figure 5.6.
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The t rans ien t  recorder  (A) w as  connected to an oscilloscope for  
Initial examination of the gauge response character is t ic .  After  passing 
the information from the s to re  of the t rans ien t  recorder  to the 
microcomputer (B) the cha rac te r is t ic s  could be processed and then 
printed using the x/y p lo t te r  (C). The top of the flash unit (D) can ju s t  be 
seen in front of the earthing p la te  which had the s t ra in  gauge (E) 
mounted behind it. Fuller de ta i ls  of the actual arrangement  are shown 
schemat ical ly  in 5.6.3.
strain gauge
Stabilized 
power supply
Transient
Recorder
Basic Gauge Circuit
Figure 5.6.2
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Semiconductor s t r a i n
6V supply f o r  diodegauge
Metal plate
p-i-n diode (Output to
Trans. Rec. )
Xenon flash unit
Convex lens
(see figure 5.6.2 for 
basic circuit diagram of 
gauge circuit)
Power
supply/
bridge
x/y Plotter
Microcomputer 
Hewle t-Packard 
HP.85
Transient Rec. 
(Data Lab. DL912
Schematic of System Used In Main Experimental Investigation with  Xenon 
Flash Unit
Figure 5.6.3
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For the main experiments  a regulated power supply and bridge 
ci rcui t  was  employed (see figure 5.6.2). In front of the s t ra in  gauge was 
an earthed metal plate which had a c i rcu lar  aper'ture. A photographic 
xenon flash unit (Vivitar 265)  with variable flash duration was  used 
Light from this  unit was focussed onto the aperture in the plate with  a 
convex lens. A p- i-n  diode having a specif ied  responsivity of 0.55 AW" ‘ 
at  800 nrn and a maximum r ise  t ime of 5 ns was located in front of the 
xenon flash unit to monitor the light. This was reverse biased with  a 
separa te  6V dc power supply. The response of the p - i -n  diode was  
recorded simultaneously with tha t  of the s t ra in  gauge for  each flash.
The s tra in  gauge was  mounted on a separately earthed s tee l  
s tr ip  and the invest igat ions  were carried  out at  room temperature .  
Ambient lighting was  normal daylight. A range of flash to ta l  power  
levels was  used (see sect ion 5.7), controlled by varying the f lash 
duration. The flash unit was  located normal to the apera ture  in the 
metal plate and on the axis,  a t  a cons tant  distance of 100 mm from it.
Outputs from both the s t r a in  gauge (unstrained) and the p - i -n  
diode were fed to the t rans ien t  recorder ,  which was se t  a t  r a t e s  between 
0.5ps and 2 us per sample. A range of response graphs was subsequently
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recorded for both the s t ra in  gauge and the p - i-n  diode for  d if fe ren t  xenon 
flash durations and at different sample rates.  Each experiment was 
repeated with  the gauges subjected to both tensi le  and compress ive 
s t ra ins  of about 3 0 0 m- strain.
To check th a t  there was  no electromagnetic  field coupling a 
cardboard screen was  held between the xenon flash tube and the gauge 
and the f lash  tube was  then operated, as before. This screen  prevented 
the light from reaching the gauge and so any gauge response must  be due 
to o ther  e f fec ts .  Again, no response was detected with  the screen in 
position.
5.7 RESULTS OF MAIN INVESTIGATION OF GAUGE DYNAMIC 
PHOTOSENSITIVITY
Typical data,  obtained with the experimental sy s tem  shown in 
figure 5.6.3, are shown in the following figures. Figure 5.7.1(a) shows 
the response of a 500 ü p- type silicon gauge with the xenon f lash s e t  at  
one quar ter  of full duration. Figure 5.7.1(b) shows the response of the 
p- i-n  diode i l luminated simultaneously with the gauge. The bridge 
output voltage change dV corresponds to about 2 m- s tra in .
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The gauge response with  the xenon flash output se t  at half 
power (ie same in tensi ty  as before but nominally tw ice  the duration) is 
shown in figure 5.7.2(a). This was  recorded at a ra te  of 2|is per sample 
compared to O.Sps per sample in the previous case. Bridge output voltage 
change dV corresponds, in th is  instance ,  to over 2 |i strain . The response 
of the p - i -n  diode il luminated s imultaneously with the gauge is shown in 
figure 5.7.2(b). S imilar  c h a ra c te r i s t i c s  were observed both for different 
output power  levels  of the xenon f lash  unit,  and for  o ther  p-type sil icon 
gauges of higher and lower  unstrained res is tance  than that  of the  gauge 
described here. No difference in the ch a rac te r i s t i c s  was observed when 
the gauges were subjec ted  to applied s tra ins .
Owing to the speed and l inear ity  of the p - i-n  diode, figures 
5.7.Kb) and 5.7.2(b) probably follow the light waveform quite closely. 
But, although obviously linked to the light his tory,  the waveform 
recorded from the semiconductor  s t ra in  gauges is d is t inc t ly  different.  
At the beginning of the light pulse there is  an anomalous decrease  in 
conductivity,  followed by a comparatively slow ramp up. When the xenon 
flash is  cut off,  the reverse is found; there is a small anomalous 
increase in conductivity followed by a s low decay to the original value.
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With uncontrolled experiments  like these on uncharacterized 
m ate r ia ls  i t  is impossible to be specif ic  on the exact mechanisms 
Involved. However, i t  is possible to put forward some plausible ideas 
which are compatible with these  observations.
The s low r ise  and fall of photoconductivity are total ly  in 
accord with previous measurements  (eg Haynes and Hornbeck^^^) grid 
Hornbeck and Haynes^^GJ) p-type and n-type sil icon, where the 
principal mechanism was demonstra ted to be traps. It is likely tha t  the 
present s t ra in  gauges have a very high density of t raps  and 
recombination centres  due to the unpassivated and unprotected cut 
surfaces, it is assumed that ,  a t  the s t a r t  of the flash, there are many 
unfilled traps. As new free ca r r ie r s  are generated, they begin to fill 
these traps,  in which they cannot contr ibute  to conduction. Thus the 
steady s t a t e  photoconductivity is delayed. Similarly, when the radiat ion 
ceases ,  the t raps  re lease  c a r r ie r s  over a range of ch a rac te r is t ic  t im es  
which depend on the exact nature of the defects.  Thus enhanced 
conductivity is prolonged. The t im e sca le s  of the long r is e  and fall  in the 
present case are compatible w ith  measurements  made by Haynes and 
Hornbeck^^^) and Hornbeck and Haynes^^G)
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However, If trapping was the only mechanism then the measured 
waveform is expected to be like figure 5.7.3(a).
Volts
Time
Waveform Due to Trapping as the Principle Mechanism 
Figure 5.7.3(a)
Volts
Time
Additional Waveform Component 
Figure 5.7.3(b)
Volts
Time
Superimposed Waveforms 
Figure 5.7.3(c)
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in fact, the measured waveforms are more like figure 5.7.3(c), 
containing an additional component, shown separately in figure 5.7.3(b).
There are two possible explanations for this additional 
response. First, it is possible that because of the wide and time-varying 
spectral range of the radiation, that at the beginning of the flash 
existing free carriers are being excited into localised states (not 
necessarily within the band gap) by a certain range of photon energies. 
Therefore, until the free carrier population is built up again by the 
normal excitation processes (delayed by trapping) then the conductivity 
is decreased. At the end of the flash the conductivity is quickly 
restored, demonstrating that if they exist, then these immobile states  
have a very short characteristic lifetime.
The second explanation for the anomalous features is that there 
is a small photovoltage being generated somewhere in the system that is  
in opposition to the imposed current flow. No separate evidence has been 
found for this, but further investigation is necessary to rule it out 
al together.
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5.8 COMMENTS ON THE FINDINGS OF THE INVESTIGATIONS
The qualitative investigations of the static photoelectric 
response of conventional p-type silicon strain gauges indicate that, 
despite previous reports^^-X, these gauges do not exhibit a photovoltaic 
effect when illuminated by daylight, various commonly used illumination 
sources, and a helium-neon laser of I mW output power, or an 
ultra-violet lamp.
Nevertheless, a small photoconductive effect was detected 
with these sources. No evidence of asymmetric behaviour at the gauge 
junctions was found but the photoconductive effect 'was found to be 
greater for longer wavelength illumination sources than, for example, an 
ultra-violet source. Since this effect may result in a change in 
resistance corresponding to several microstrain, account may need to be 
taken of this if precise strain measurements are required or if low 
levels of applied strain are being monitored. However, for most 
practical strain measurements undertaken with conventional p-type 
silicon gauges in normal environments the effect may be small enough to 
be ignored.
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Only two different n-type silicon strain gauges were available 
for this investigation, but characteristics similar to those of the p-type 
silicon gauges were observed. These findings endorse those of Xavier and 
Vogt^^^  ^ concerning a photoconductive effect with silicon strain gauges. 
The fact that the corresponding strain magnitudes given in section 5.4(i1) 
are somewhat larger than those which Xavier and Vogt report may be due. 
In part, to the dopant levels employed in modern semiconductor strain 
gauges. Furthermore, there may also be differences In the Intensity and 
sources of illumination employed. Finally, the reason why a photovoltaic 
effect was detected by Xavier and Vogt, but not in this investigation, 
could be due to improvements in the manufacture of semiconductor 
strain gauges, particularly the ohmic junctions with the contact wires.
Concerning the dynamic photosensitivity of silicon strain 
gauges it is  suggested that, if the suggested trapping behaviour is  the 
appropriate explanation of the observed effect, then the high trapping 
density probably indicates that there are many recombination centres as 
well -  hence the carrier lifetime is  very short. This is  probably why the 
photoconductive effect, which depends on carrier lifetimes, is  small.
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5.9 SUMMARY
Silicon semiconductor strain gauges have been reported by 
Xavier and Vogt^^^  ^ as exhibiting both a photoconductive and a 
photovoltaic effect. The corresponding influence on gauge response and 
accuracy was not found by them to be significant.
Investigations in this project were undertaken of the static  
photoelectric response of silicon strain gauges using various common 
sources of illumination, including a fluorescent tube of somewhat higher 
intensity than that used by Xavier and Vogt. No photovoltaic e ffect was 
detected. This could be due to improvements in the manufacture of 
semiconductor strain gauges.
A photoconductive effect was observed and, in the case of 
quartz halogen lamp illumination, the change in gauge resistance with 
illumination corresponded to about 2 m- strain. This is somewhat larger 
than that reported by Xavier and Vogt. Apart from differences 
attributable to the sources of illumination this may be due to the fact 
that the dopant levels of modern semiconductor strain gauges are 
generally higher than those of gauges manufactured in the early 1950’s.
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When undertaking precise strain measurements it may thus be necessary 
to account for the influence of marked changes in illumination on 
measured strain magnitudes. A negligible increase in the effect was 
observed with increase in applied strain. There was no evidence found of 
asymmetric behaviour at the gauge junctions.
A study of the dynamic photoelectric response of p-type silicon 
strain gauges was carried out with a photographic xenon flash unit which 
had variable flash duration. A transient recorder was employed in the 
monitoring of this response and, to provide a comparison, a p-i-n diode 
was illuminated simultaneously with each gauge. Measurements and 
calculations were undertaken to obtain an estimate of the likely 
response time of the gauges. The values obtained for carrier drift time 
and diffusion times, although slow compared to a photodiode, suggested 
that a dynamic photoelectric response to such short duration light 
signals was possible.
The results obtained show that the gauges exhibited a 
significant response. No difference in the characteristics was observed 
when the gauges were subjected to applied strains. The slow rise and 
fall of photoconductivity observed for the gauges accords with
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measurements of other investigations'^'"’-’'"'^ ". Trapping behaviour is 
suggested as being the probable explanation of the observed effect. 
Anomalous features of the characteristics are most likely to be 
attributable to the wide and time-varying spectral range of the 
radiation, or to small photovoltaic effects.
As the maximum change in bridge output voltage associated 
with this response is more than 2 p, strain, consideration may need to be 
given to this in certain strain measurement contexts. Further 
investigations could explore the effect with other semiconductor strain 
gauges, such as germanium qauqes.
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CHAPTER 5
Investigation of Potential Applications of Semiconductor Strain Gauges
6.1 INTRODUCTION
Following the investigations of the properties and performance 
of semiconductor strain gauges as well as means of compensating for 
certain gauge characteristics, studies were undertaken concerning 
potential applications to exploit these properties. These applied 
investigations took the form of two feasibility studies of potential uses.
The first investigation considered the possible use of 
semiconductor strain gauges for measurement and monitoring small 
dynamic strains in a nuclear radiation environment. Although there is 
some literature regarding the use of conventional strain gauges in 
nuclear radiation fields^^^\ a literature seach under taken by the United 
Kingdom Atomic Energy Authority did not identify any relevant literature 
concerning semiconductor strain gauges.
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The other investigation concerned the employment of 
semiconductor strain gauges for 'condition monitoring' and performance 
diagnosis of internal combustion engine sub-units. This required time 
domain measurements to identify changes in induced static or dynamic 
strain over a considerable time period, it involved the simulation of 
wear or malfunction, such that possible associated changes in induced 
strain could be detected and monitored. An integrated and portable 
bridge/amplifier system was developed for use with semiconductor 
strain gauges in this context.
6.2 INVESTIGATION OF THE BEHAVIOUR AND USE OF SEMICONDUCTOR 
STRAIN GAUGES IN NUCLEAR RADIATION FIELDS
A number of investigators^^GjBG) hove reported that some 
types of nuclear radiation have a significant effect on the electrical 
conductivity of semiconductors such as germanium and silicon. However, 
as previously indicated, no relevant literature concerning the effect of 
nuclear radiation fields, such as those emanating from a neutron source, 
on piezoresistance in semiconductors was identified. It was thus 
necessary to explore possible e ffects experimentally using typical 
silicon strain gauges and various neutron sources.
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The îirst source which was employed was americium (Am)
which decays by alpha emission to beryllium (Be). This was a 57GBp
source and gave a neutron flux of about 3 % 10^ neutrons s “  ^ with an 
average energy oi approximately 3 MeV. The investigation was 
undertaken in a special room at the Radiation Centre, University of 
Birmingham, with radiation shields, remote handling equipment and 
radiation monitoring apparatus. The p-type silicon gauges were bonded 
to steel strip using P2 polyester adhesive and were clamped 5 mm 
directly below the neutron source as indicated in figure 6.2.1
Clamping system
Stand not shown
Neutron source 
(Am - Be)
Strain gauge 
Load applied
Not to scale
w
Leads from/to strain
gauge
Sasic Arrangement to Investigate the Effect of a Neutron Flux on Gauges 
Figure 6.2.1
Initially, the resistance of the strain gauges was measured, 
both unstrained and strained, with no neutron flux. Ambient temperature
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was 293(+1)K during the course of all the investigations in the special 
room. Known static tensile and compressive strains up to about 400 p 
strain, were applied to the strain gauges and these strains were applied 
tor a known, fixed time. Then the neutron flux was introduced and gauge 
resistance readings taken with no applied strain and then with the samie 
applied strains and time durations previously employed with no neutron 
flux, namely 10 minutes.
With the aid of an electromagnet and lever system the gauge 
resistances were measured when subjected to dynamic tensile strains. 
Again this was undertaken with and without the gauge being subjected to 
a neutron flux. The resistance measurements were taken with the aid of 
a sensitive digital ohmmeter (+0.00In ) located behind a thick lead wall 
and away from the neutron flux. After undertaking the static  and 
dynamic experiments the strain gauges were subjected to longer 
exposures to the neutron flux between taking the resistance readings. 
These periods were 1 hour, then 4 hours, then 8 hours and so on, doubling 
each time up to 32 hours. The same investigation was repeated using 
two typical n-type silicon strain gauges of different resistivity at room 
temperature. A suitable germanium strain gauge was not available 
during these investigations.
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Using an equivalent set of p-type silicon strain gauges, and 
equivalents to the two n-type gauges, a corresponding series of 
measurements were taken using 3 different neutron source. This source
was a 37GBq californium Cf) source which emitted, along with
other radiation, a neutron flux wnich was somewhat greater than 3 x 10  ^
neutrons S"^ This is by spontaneous fission and the average energy of 
the neutrons is about 2 MeV. The basic arrangement employed is shown 
in figure 6.2.2 with the lead wall shield removed.
(see figure 6.2.2 overleaf)
1 6 0
f w
t A K E  C A R E
GAUGE
Basic Arrangement for Gauoe Neutron irradiation (source removed) 
Figure 6.2.2
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In order to explore the effect of a high flux of fast neutrons the 
employment of a particle accelerator was necessary. Arrangements 
were made to use the "Dynamitron" at the University of Birmingham 
Radiation Centre for these experiments. Figure 6.2.3 shows the 
Dynamitron accelerator with the equipotential rings which couple the 
radio frequency supply to solid state rectifiers. It was not possible to 
employ different duration exposures of the semiconductor gauges to the 
neutron flux or to examine many strain gauges. However, four different, 
new p-type silicon gauges and one new n-type gauge were subjected to 
the neutron flux and, as before, their resistance measured before and 
again after irradiation, both unstrained and subjected to static strains 
up to 400 (istrain. As a check, a set of readings was obtained using the 
strain gauge bridge/amplifier system, described in section 6.3.4, in place 
of the digital ohmmeter.
The Dynamitron provides:
(a) polyenergetic neutrons with energies in the range 0 - 7  MeV
(b) monoenergetic neutrons with energies between 0 -  6.3 and 15 - 20 
MeV
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■«near
Equipotential rings (These couple 
an RF supply to the assembly of 
rectifiers)
The dc high voltage is the 
sum of the individual 
rectified voltages.
Solid state rectifiers 
(In operation the 
accelerator is enclosed 
within a pressure vessel 
filled with sulphur 
hexafluoride)
Dynamitron Accelerator
Figure 6.2.3
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6.3 RESULTS AND COMMENTS ON NUCLEAR RADIATION OF SEMICONDUCTOR 
STRAIN GAUGES
The nuclear radiation inside a nuclear reactor consists of a 
thermal neutron flux (eg 1 0 neutrons s and some fast neutrons. 
This is why the typical p-type and n-type silicon gauges were exposed to 
sources of neutron flux and irradiated in the Dynamitron (where they 
would be exposed to high energy and fast neutrons). The second source of 
neutrons used (^^^Cf) operates by spontaneous fission, which is the 
same mechanism as the fuel elements in a nuclear reactor.
The neutrons produced by the first source are of higher energy 
and their average is about 3 MeV, compared to 2 MeV for 
Assuming an isotropic distribution from a point source 5 mm away from 
the semiconductor strain gauge means that the strain gauges were 
subjected to a maximum flux of about 1 x 1 0 ^^  neutrons m""^  s"^, which 
is quite high, but lower than that in a typical nuclear reactor. 
Nevertheless, information received from the Atomic Energy Authority 
suggests that the sources and measures used provided a satisfactory  
replication of a reactor radiation environment, for the purposes of this 
exploratory study.
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!t wss found that quite short term or prolonged exposure to the 
two sources of neutron flux did not produce a detectable effect on either 
the unstrained or strained resistance of the p-type and n-type silicon 
strain gauges which were examined. Table 7 gives representative values 
obtained tor a p-type silicon gauge irradiated by the ‘^ ■'^Cf neutron 
source for 10 minute exposures, at an ambient temperature of 293K.
Neutron
flux.
Applied static  
strain (400pstrain)
Gauge resistance 
(ohms)
No flux Unstrained 160.61
10 mins expos. 160.60
10 mins expos Strained 207.32
No flux 207.33
No flux Unstrained 160.60
Source: californium 252 
Resistance of p -tupe Silicon Strain Gauges for Different Strain and 
irradiation Conditions
Table 7
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A s im i la r  picture was  found for  other  p- type sil icon gauges, 
and n- type sil icon gauges for this source, and for  the americium - 
beryllium source. No difference was found e i ther  for qauqes subjected to 
dynamic s t r a in s  with and without radiation from the neutron sources. 
Furthermore, the re s i s tance  values obtained for the gauges s tra ined  and 
unstrained before and following irradiat ion in the Dynamitron were also 
not found to be s ignif icantly  different,  overall. It is in teres t ing  that  
reference to data concerning radiation propert ies  indicates  tha t  the 
absorption c ross  sec t ions  for sil icon are about the same for  thermal  and 
fas t  neutrons.
The findings of th is  feas ibi l i ty  study suggest  tha t  sil icon 
s t ra in  gauges could be employed to monitor and measure  small s t a t i c  and 
dynamic s t r a in s  in a nuclear reac to r  environment because, even a f t e r  
exposure to the neutron sources for  a total of over 60 hours,  no 
s ignif icant  change in the res is tance  or response of the gauges was 
detected. When the gauges were employed with the b r idge /am pl i f ie r  
system, such as  could be used in the actual monitoring of a unit  employed 
inside a reac tor ,  again no s ignif icant difference was found in the 
response with  and without  exposure to the neutron flux. Future 
investigat ions  could be undertaken, subject  to conditions and
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arrangements  being sa t i s f ied ,  of semiconductor gauges Inside a reactor ,  
where tem pera tures  may be higher and temperature  e f fec t  compensation 
could be required. In addition, a study could be made of the behaviour and 
response of germanium p-type and n-type s t ra in  gauges sub jec ted  to 
various sources of nuclear radiation.
6.4 MACHINE 'CONDITION MONITORING' AND PERFORMANCE DIAGNOSIS
This brief feas ib i l i ty  study arose  from an examination of the 
potential use of the high gauge fac tor ,  small size and low h y s te re s i s  of 
semiconductor s t ra in  gauges, w i th  appropriate tem pera tu re  e f fec t  
compensation. A low dr if t ,  low noise, l inear  dc b r idge /ampl i f ie r  sy s tem  
was developed for use in the context  of monitoring cer ta in  mechanical 
sub-units  of internal combustion engines. The s t ra in  gauges used were  
p-type sil icon and these  were  employed for  monitoring small ,  induced 
s ta t i c  and dynamic s t r a in s  so tha t  information could be obtained 
regarding the condition and w e a r  of the sub-units,  over t ime.
The main c ircu i t  of the l inear  amplif ier /bridge sy s tem  is  
shown in figure 6.4.1. This was  based upon an SGA 100 in tegra ted  c i rcu i t  
dc amplif ier  which is  commercial ly manufactured. A compact ,  regula ted
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power supply unit  was  cons tructed to accompany the bridge/amplif ier  
unit so that  a rugged, self -contained and portable sys tem  was  produced. 
To at ta in  high performance,  re l iabil i ty  and compactness  a printed circui t  
board was designed and fabricated for  the s t ra in  gauge br idge /amplif ie r  
unit (see figure 6.4.3). The ampli f ier  could be used with  a full, half or 
quar ter  active bridge, as required.
in f igure 6.4.1, which is shown overleaf,  t r a n s i s to r  T, is  2 
N3053, I 2 is  BFX29 and T? is BC207. All o ther  values and 
specif ica t ions  are shown in the figure.
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See a lso  f ig u re  6 .4 . 2  o v e r le a f
+ Bridge supply + Vs
OV
Edge, ref.
COMP.
R2 fb
+ I/P
03
V out
SGA 100
22
- I/P Balance
OV
- Bridge supply
V ref.
T2 T4
Vs
Z1 - IN823 
T4 - BF224B
Main Circuit  for  Strain Gauge Bridge/Amplifier  System
Figure 6.4.1
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Figure 6 .4 2  shows each of the main elements  of the SGA 100 
unit corresponding to the pin numbers shown in figure 6.41.  (All 
posit ives pin 2 4 ,  all negatives pin 22 - see Appendix 3.)
Compensation
input
Feedback
+ ve input
- ve input
zero adjust
741
20
+ ve Bridge voltage
330 m  
Trim
0P07
(l2) - ve Bridge voltage
MPS404A
Main Elements of SGA 100 unit
Figure 6 .42
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The component values shown In figure 6.41 are the general 
values used, and It  was  found that  the ampli fier  which was  subsequently 
developed could be used for a wide range of gauge r e s i s ta n ce  values and 
res is tance  changes. By controlling the negative bridge supply voltage, 
such tha t  the voltage a t  the negative terminal was  maintained a t  zero 
volts,  the problem of common mode reject ion was  overcome (ie by 
removing the common mode voltages).  To minimise electromagnet ic  
interference, which could be picked up by the leads to and from the unit, 
screening was  employed, and, as  th is  proved to be quite s a t i s fac to ry ,  i t  
was not found necessary  to decouple the leads or to reduce the operating 
bandwidth of the sys tem  using capacitors.  Amplifier white  noise was 
minimised by the use of high quality re s i s to r s  in the amplif ie r  c i rcu i t
(eg metal oxide r e s i s to r s  were used for the gain se t t ing  r e s i s to r s  (R| 
and R2 in figure 6.41).
(see figure 5 .43 overleaf)
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V *T ^ ^  <1
# # '
#aa*e
"%;:fe: 3 63
Printed Circuit  Board Fabricsted For Strain Gauge Amoli f ie r /Br idge 
(Fabricoted using pho to -res is t  board)
Figure 6.4.3
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Figure 6.4.3 shows the basic printed c i rcu i t  board for  the 
semiconductor  s t ra in  gauge br idge /amplif ie r  unit. Some of the main 
circui t  components on th is  board a r  shown in figure 6.4.4, which is a 
photograph of part  of the unit taken out of the containing box. This box 
was devised to enable the unit  to be employed in environments where 
humidity and high dust levels  could prove troublesome, if the c i rcu i t  was 
not protected. It was  ant ic ipated tha t  such environments would ex is t  in 
the monitoring of some Internal combustion engines.
(see figure 6.4.4 overleaf)
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I  - #  f
jnnnni B
#  # #
Part of the Main Components Section of the Strain Gauge 
Bridge /A m pli f ie r  Unit (C is the SGA 100 Socket)
Figure 6.4.4
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T h e  o u t p u t  v o l t a g e  w a s  m o n U o r e a  u s i n g  a s e n s i t i v e  d i g i t a l  
v o l t m e t e r  s u c h  a s  t h a t  s h o w n  i f  f i g u r e  6 .4 .5 .  A m o r e  c o m p a c t  m e t e r  w a s  
s u b s e q u e n t l y  e m p l o y e d  f o r  e n g i n e  c o n d i t i o n  m o n i t o r i n g .
r
Basic ArnpHfier/Brldqe Unit Set Up for Iftstino end Preliminary 
investigation
Figure 6.4.5
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The arrangement shown in figure 6.4.5 has the amplifier/bridge 
unit A removed from the box (the top of the box, which is not shown, has 
the calibration adjustment and zero adjustment controls mounted on it) 
In figure 6.4.5 the stabilsed 12V dc power supply unit P can be seen along 
with a mounted semiconductor strain gauge (arrowed) and a digital 
voltmeter. If required the whole system, including the digital meter, 
could be operated using sealed batteries rather than from ac mains 
power. (See Appendix 3 for brief details of the bridge/amplifier 
performance and characteristics.)
The applied investigation using this integrated 
bridge/amplifier system for semiconductor strain gauges required the 
taking of time-domain measurements of key parts of engine sub-units, 
such as fuel pumps, so that comparative data about changes in induced 
strains could be obtained. A profile could then be built up which could be 
used for assessing the future condition (ie reliability/performance) of 
key sub-units. This meant that reliable, relatively long-term monitoring 
of possible very small changes in induced dynamic or static  strain must 
be provided and data appraisal undertaken at each data update. Evidence 
obtained from the Initial periods of monitoring was used to determine 
the appropriate frequency of data updates. If the frequency was too
196
short then redundant data would be collected, but if it was too long then 
there would be insufficient warning of the onset of serious 'wear or 
malfunction.
Attempts were made to explore the condition monitoring of 
three different, typical, internal combustion engine sub-units. In each 
case, p-type silicon strain gauges of gauge factor 120 were employed. 
Compensation for temperature effects was undertaken using the 
appropriate methods outlined in chapter 4, such as the employment of 
dummy gauges and three lead wires. The investigations were of the 
foil lowing:
1 Fuel pump unit
The strain gauge and dummy gauge were mounted in a typical 
fuel pump housing where it had been found, in initial trials, that small 
strains induced by worn bearings were transmitted and could be Isolated. 
In figure 6.4.6 this unit is shown arrowed.
It was found not to exceed a temperature of 330K after  
protracted operation, but to prevent temperature changes due to external 
sources, fibre glass insulation was fitted around it. The strain gauges
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w e r e  b o n d e d  u s i n g  an i n o r g a n i c  b o n d i n g  a g e n t  w h i c h  h a d  s i m i l a r  t h e r m a l  
e x p a n s i v i t y  t o  t h a t  of  t h e  m e t a l ,  an d  a t h e r m o c o u p l e  w a s  m o u n t e d  n e x t  
to  t h e m .  All  of t h e s e  h a d  t h e  f i b r e  g l a s s  t a g g in g  l a y e r  c o v e r i n g  t h e m .
0 4
D ie s e l  Eng ine :  Fue l  Purno  C o n d i t i o n  Monitoring
F i g u r e  6 .4 . 6
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After  preliminary cal ibrat ion and se t t ing  up with  a new pump 
bearing had been undertaken, the engine was  se t  into operation and, a f t e r  
se t t ing  engine speed to a constant  value and allowing conditions to come 
to equilibrium, the gauge output was  monitored using the 
br idge /amplif ie r  unit and a digital  vo l tm e te r  se t  on a 50 mV ac range 
(which provided a rec t i f ied  or  rms output reading of +0.01 mV). The 
mean induced s t ra in  level w as  recorded and the mean tem pera ture ,  
measured by the thermocouple, was  328K. Then a bearing which w as  
s ignif icantly worn but s t i l l  functional w as  subs t i tu ted  in the uni t  and 
readings again taken, a f t e r  allowing the system to come to equilibrium. 
It was  found tha t  the mean induced s t ra in  had risen,  although the 
temperature  was  virtual ly  unchanged. The worn bearing was  known to 
have been used for  about 5 x 10^ hours. Thus, by monitoring a new 
bearing every 5 x 10^ hours and putting the data into a microcomputer ,  
then undertaking appropriate data analys is ,  i t  could be possib le  to 
predict the onset  of se r ious  w ea r  and take  remedial action before  the 
unit failed. As a check, the  original bearing was replaced and the  engine 
operated as  before. When the sys tem  had been given t im e to  reach 
equilibrium the induced s t r a in  and temperature  was  monitored over 
several hours.
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2 Lubricating oil pump unit
The system shown in figure 6.4.7 was employed in an attempt 
to monitor lubricating oil pump behaviour, for different brands of the 
same grade of oil and with simulated levels of wear, by measuring small 
changes in Induced strain using gauges mounted on a small baffle 
inserted in the engine block. Engine speed was set a constant value of 
2,000 rprn, a typical operating speed for such an engine
(see figure 6.4.7 overleaf)
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PetrQ] Engine: 011 Pump Condition/Performance Monitoring With Strain 
Gauge
Figure 6.4.7
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Measurements of induced strain were taken using the same 
system and digital voltmeter as in the previous investigation. (See 
findings in section 6.5.) A single strain gauge and a dummy gauge were 
employed and these were bonded, using an inorganic adhesive as before, 
to the baffle. This adhesive was not affected by the oil.
3 Injector pump unit
This feasibility study concerned the monitoring of the 
condition, on an hourly time-domain basis, of a fuel injector pump unit of 
a diesel engine. The engine is shown in figure 6.4.8 with the 
bridge/amplifier unit in the foreground. In this case the possible 
influence of different brand fuels on induced strain levels had to be 
taken into account and so strain measurements were carried out, over 
the same total time period of 10 hours, for three different fuels being 
injected into the engine which was set at fixed speed. A fibre glass 
thermal shroud was used to maintain the temperature of the unit. (This 
is not shown in figure 6.4.8.)
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Diesel Engine: Monitoring of injector Pump Unit with Strain Gauge
Figure 6.4.6
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An injector pump element which was worn, but had not 
deteriorated to a serious state, was substituted and strain readings 
repeated, then the original unworn element was replaced and a series of 
readings taken again (see section 6.5). The same type of strain gauges 
employed in the previous investigations were used, and these were 
bonded inside the pump unit casing with an inorganic adhesive. As 
before, the integrated bridge/amplifier unit and digital voltmeter were 
employed with the strain gauge.
6.5 FINDINGS AND COMMENTS ON "CONDITION MONITORING" USING 
SEMICONDUCTOR STRAIN GAUGES
1. Fuel pump unit Mean values of induced strain of 8 p. strain 
and 15 a strain were observed for the new and worn fuel pump bearings, 
respectively. The mean temperature in each case was 328K. When the 
new bearing was later put back in place of the worn one the mean induced 
strain was found to be 9 p strain at a mean temperature of 329K. It was 
still thus considerably lower than that found for the worn bearing and 
could, therefore, give a basis for condition prediction.
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2. Lubricating oil pump unit When a new oil pump unit was 
monitored, induced strains on the specially devised baffle were not 
detected for any of the three different brands of oil When a pump unit 
which was modified to simulate different amounts of wear was 
substituted, induced strains from 5 to 40 \x strain were detected for 
increasing amounts of simulated wear, at a given oil pressure and 
temperature. No detectable difference was observed in this respect for 
the different oils. This means that condition monitoring using a system  
such as that employed, may not require specific brand lubricating oils to 
be designated.
3 ' injector oump unit For a new injector pump element there 
was no change detected in the induced strain during hourly monitoring 
over a 10 hour period, for each of the three different brand fuels 
employed. When the worn injector pump element was substituted the 
induced strain rose from 5 to l i p.  strain at the same constant engine 
speed, operating temperature and monitoring intervals. When the new 
element was replaced the induced strain was again found to be 5 strain 
under the same conditions as before. No difference in this strain 
magnitude, or that associated with the worn injector pump element, was 
detected when the different brand fuels were used. Thus, injector pump
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condition monitoring, using such a system  as th a t  employed, may not 
require p a r t ic u la r  brands of fuel to be specified.
In each of the th ree  investiga tions  the b r idge /am plif ie r  unit 
performed s a t is fa c to r i ly  and the tem perature  compensation m easures  
adopted w ere found to  be adequate. Moreover, as these  investiga tions  
have Indicated, i t  is  possible to m onitor small magnitude s tra in  levels  
and identify  sm all changes in these  which could be re la ted  to the onset 
of mechanical fa ilu re  or serious wear. However, i t  may not be possible  
to identify  sm all induced s tra in s  fo r  some units, or iso la te  these  and use 
changes in induced s tra in  levels to  a s se s s  performance or to re la te  them 
to w ear and malfunction.
Although the output voltage change from the in teg ra ted  
b r idge /am plif ie r  unit developed fo r  th is  investigation w as monitored 
w ith a digital vo ltm eter,  a brief tr ia l  w as  made of the possib il i ty  of 
using a m icrocom puter in th is  context. This enabled actual s tra in  
magnitudes to  be prin ted out d irec tly  and changes in s t ra in  over 
p articu la r  tim e in te rv a ls  could be plo tted  on an x /y  p lo t te r  o r  VDU 
screen. For th is  t r ia l  only sim ple dynamic s tra in s  and s t a t i c  s t r a in s  on a 
long s tee l bar w ere  examined.
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Future investigations could explore the employment of such a 
system in applied machine 'condition monitoring' contexts. Appropriate 
software could be devised to include sub-routines to correct strain 
values for temperature or other effects, if required. Owing to the long 
fatigue life, small size, high gauge factor and low hysteresis of 
semiconductor strain gauges it could be possible to use such a system to 
provide long-term monitoring of very small changes in induced strain 
even for quite small mechanical sub-units.
6.6 SUMMARY
A potential use of semiconductor strain gauges which exploits 
their high gauge factor, small size and long fatigue life  (compared to 
other types of gauge), is in monitoring dynamic and static strains in 
devices used in nuclear reactors and similar high radiation environments. 
Typical silicon semiconductor strain gauges were subjected to both 
short and prolonged exposure, of up to 60 hours, in a neutron flux 
provided by a high energy particle accelerator. They were also exposed 
for periods of up to 32 hours to neutron fluxes provided by both 
americium and beryllium sources. No effect on gauge response was found 
in any of these investigations and so semiconductor strain gauges could
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be used in such high radiation  environments, if  appropriate tem pera tu re  
e ffec t  compensation was provided. Further investigations are suggested 
to explore the use of sem iconductor gauges in nuclear re a c to rs  and to 
examine the e f fec t  of nuclear rad iation  on germanium gauges.
Another potential application of seminconductor s t ra in  gauges 
is  the condition monitoring* of mechanical sub-units. An in tegra ted  
bridge and low noise, l in ea r  am p lif ie r  system  was developed fo r  use w ith  
gauges in th is  context. Three d iffe ren t  sub-un its  w ere monitored and, in 
each case, small changes in induced s tra in ,  which could be a t t r ib u te d  to 
w ear or malfunction, w ere  detected , when worn components w ere 
substi tu ted  fo r  new ones. A data logging system  based on the system  
devised fo r  th is  feas ib i l i ty  study could be developed fo r  industr ia l  use.
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CHAPTER ?
General Conclusions, Comments and Suggestions for Further
Investigation
INTRODUCTION
This study of semiconductor strain gauge theory and 
Investigation of the performance and properties of semiconductor gauges 
has revealed various interesting facets which merit further exploration. 
It is regrettable that current literature In this sphere is somewhat scant 
because semiconductor strain gauges could be usefully exploited, as 
indicated, in a variety of contexts - particularly where their high gauge 
factor would be advantageous. Moreover, the investigations of qauqe 
circuits and sytems to compensate for their relatively high temperature 
coefficient of gauge factor and temperature coefficient of resistance 
indicate that these undesirable features may be reduced to Insignificant 
proportions. In addition, with improved control of dopant levels and the 
use of higher levels of doping, semiconductor strain gauges manufactured 
today are generally much superior to those made in the 1960’s, when 
much of the research in this area was undertaken.
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7.2 COMMENTS ON COMPARATIVE GAUGE PROPERTIES
A brief comparison of sem iconductor s tra in  gauges and metal 
w ire  and foil gauges w as p resen ted  in section  1.6. Nevertheless, there  
are various o ther  p iezo resis t ive  devices which can usefully be compared 
to typical sem iconductor s tr a in  gauges. These include continuous metal 
film  and discontinuous metal f ilm  r e s i s to r s  and cerm et re s is to rs .  The 
p roperties  of th ese  devices are  sum m arised in Table 8. As can be seen 
from th is  table , only continuous m etal film  re s is to r s  have good s ta b i l i ty  
over tim e, but the gauge fa c to r  of th e se  devices is  low.
Investigations of th ick  f ilm  re s is to r s  by Canali e t  8i(70,71) 
and Prudenziati e t  al^^^^ have shown th a t  these  devices have good 
s tab i l i ty  over tim e and much higher gauge fac to rs  than e i th e r  m etal w ire  
or continuous metal film  re s is to r s .  Furthermore, these  devices, which 
are obtained from an ’ink* containing submicron conducting p a r t ic le s  and 
g lass  grains suspended in a viscous organic fluid, have low tem pera tu re  
coeffic ien ts  of both re s is ta n c e  and gauge factor.
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Type of 
m ateria l
i
Gauge
Factor
Temp Coef of
re s is ta n ce
(ppm/K)
Temp Coef of 
gauge fac to r  
(ppm/K)
Time
S tab il i ty
Metal w ire 2 -5 2 0 -4 0 0 0 2 0 -100 Very good
Continuous 
1 m etal film
2 -5 2 0 -4 0 0 0 2 0 -100 Good
I
Discontinuous 
metal film
100 1000 - Relatively
poor
1 Cermet
1
100 1000 - Quite
poor
Thick film  
re s i s to r s
10-15 100 le s s  than 
500
Good
Semi­
conductor
(1 )40-175 4 0 0 -9 0 0 0 2 0 0 -5 0 0 0 Good
Comparative Data on S tra in  Gauge P ro p e r t ie s '^
Table 8
As the data  p resented  in Table 8 shows, sem iconductor s tra in  
gauges have higher gauge fa c to rs  than o ther p iezo resis t ive  devices and 
th is  may be positive  or negative (depending on the dopant). They also 
have good s ta b i l i ty  over time. Abramchuk e t al.^^^) rep o rt  on the 
superiority  of sem iconductor s tra in  gauges, compared to  w ire  and foil
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gauges, fo r Investigating  the rapid deformation p rocesses  in solids. In 
particu la r,  they c i te  the high gauge fa c to r  of sem iconductor gauges as 
being an im portant property in th is  context.
If m easures  and c ircu i ts  devised to  com pensate for the 
re la tive ly  high co e ff ic ien ts  of re s is t iv i ty  and gauge fac to r  of 
sem iconductor gauges (see Table 8) are  adopted, then associa ted  
problems can be prevented. Furthermore, as Mallon e t  al^^^^ have 
proposed, improved control of the tem pera tu re  p ro p ertie s  of the 
p iezo res is t ive  co eff ic ien ts  fo r  semiconductors may re su l t  from 
investiga tions  of the use of modified dopants and additives. Moreover, as 
detailed  in sec tion  2.6, by introducing higher levels  of doping, the 
non-linearity  of sem iconductor s tra in  gauges may be s ign ifican tly  
reduced.
It is  suggested  th a t ,  on the basis  of the findings outlined in the 
preceding chap te rs ,  sem iconductor s tra in  gauges can be an invaluable 
means of m easuring or monitoring a range of dynamic or s t a t i c  s t ra in s  -  
especially  low magnitude s tra in s .
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7 .3  COMMENTS ON SEMICONDUCTOR STRAIN GAUGE PERFORMANCE AND 
USES
The Importance of good bonding of strain gauges was 
discussed in section 2.3 and it was explained how various means of 
testing bonds were studied. Recent developments in adhesive 
technology(737 have provided new, inorganic bonding agents, which can 
match more closely the t henna I expansivity of metal substrates and 
provide reliable bonding. This is a further Improvement which enhances 
the potential of semiconductor strain gauges for wider areas of 
employment.
Extensive investigations of circuits for use with 
semiconductor strain gauges were described and recommendations made 
regarding these in chapters 3 and 4. An important outcome of these 
applied studies is that, with the improvements made in the compactness 
and robustness of electronic devices in recent years, reliable, yet low 
cost and high precision, strain measurements may be undertaken using 
semiconductor strain gauges. Moreover, as was demonstrated, a portable 
and adaptable low noise, low drift amplifier system, along with a bridge
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and in tegra ted  power supply, can be devised for use w ith  s t r a in  gauges. 
This means th a t  sem iconductor s tr a in  gauges may be used in various 
environments which may o therw ise  have proved unacceptable for th e ir  
employment. For convenience, as  described in section  6.5, the output 
from such a s tra in  m easuring system  can be fed into a m icrocom puter so 
th a t  a co rrec ted  readout of s t ra in  magnitudes may be provided, and 
s to red  if required. On the b as is  of the investigations undertaken, such a 
system  could be used even when silicon  s tra in  gauges are  su b jec te d  to a 
large and high energy neutron flux.
The feas ib i l i ty  of potentia l applications of sem iconductor 
s tra in  gauges and the in tegra ted  b ridge/am plif ier  system  in the  co n tex ts  
described in chap te r  6 w as found to  be quite good. Other a re a s  w here  the 
p a r t icu la r  advantages of low cos t,  low hysteres is ,  high gauge f a c to r  and 
small s ize , combined w ith  a sm all, re liab le  b ridge /am plif ie r  sy s te m  may 
be exploited are  in paramedical con tex ts  and in s i tu a t io n s  w here  sm all 
s t ra in s  a r ise  due to sm all environmental differences.
With regard  to paramedical uses one possib le  co n tex t  which 
has been identified  is the use of a group of gauges to  m onitor the  low 
magnitude s t r a in s  due to in itia l contractions of the u te ru s  during the
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onset of labour in childbirth. A group of semiconductor strain gauges 
could be mounted on a diaphragm and the resulting differential signal 
monitored and used to control devices such as automatic fluid drips. A 
low hysteresis and sensitive but robust system providing a large signal 
would be required In this context and a semiconductor strain gauge 
bridge/amplifier system could provide the necessary precise signal for 
this application.
A situation where the high gauge factor and small size, along 
with the low hysteresis of semiconductor strain gauges could be 
exploited Is In monitoring rapidly changing strains due to small, sudden 
environmental changes. One such example Is in the testing and 
developrment of underwater weapons. For example, data regarding the 
effects of different underwater environments on torpedoes Is necessary 
so that resulting Improvements can be made to their accuracy and ability 
to discriminate between targets. Owing to their low mass and small 
size It would be possible to employ sufficient semiconductor gauges to 
provide comprehensive data regarding the effect of small changes in 
underwater environments In Inducing small strains or displacements In 
different regions of the torpedo. This data could be transmitted or 
stored on board the torpedo, or used to provide a basis for correction in
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conjunction with microprocessors controlling the guidance and homing 
sus terns.
7.4 SUGGESSTiONS CONCERNING ASPECTS FOR FURTHER INVESTIGATION
A number of phenomena, findings and Ideas, which are 
suggested as being worthwhile aspects for further Investigation, have 
been Identified or have evolved as a consequence of this Investigation of 
semiconductor strain gauges. Four main areas, each Involving various 
factors, have been Identified.
(1) Research and development could be undertaken with the
Intention of further Improving semiconductor strain gauge performance 
with the aid of special electronic circuits. One aspect could be the 
exploration of the use of pulsed bridge excitation as a means of 
Increasing bridge output. This could be par'tlcularly valuable for 
applications Involving transient measur'ements. Other Investigations 
could be carried out with the aim of providing on-chip passive 
temperature compensation for both discrete.and multiple semiconductor 
strain gauges. Similarly, Investigations could be carried out with a view 
to devising simple, active temper'atur'e compensation systems which
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could also extend the operating temperature range of semiconductor 
gauges.
(II) The need for comprehensive Investigations of the 
photoelectric sensitivity of semiconductor strain gauges was pointed out 
In section 5.7. However, Investigations of the dynamic photosensitivity 
of semiconductor materials which were not examined In this study are 
also required.
(III) Further Investigations, which built upon the findings of the 
examination of the behaviour of silicon strain gauges subjected to a 
neutron flux would be useful. A study of the corresponding behaviour of 
germanium strain gauges may provide valuable comparative evidence.
(1v) In addition to exploring the potential future applications of
semiconductor strain gauges and Integrated bridge/amplifier system s  
proposed In the preceding section, new areas of possible use could be 
Investigated. This could Involve the refining and extending of the 
techniques and methods devised for the applications described In chapter 
6, since It Is suggested that both areas of potential employment could be 
fruitfully developed.
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APPENDIX 1
BRIDGE OUTPUT AMPLIFICATICN
The o u tp u t  o f  th e  W heatstone b r id g e  was a i r p l i f i e d  u s in g  an  o p e r a t io n a l  
a n p l i f i e r  a s  shown i n  f ig u r e  A. 1 .1 .
7 4 1
supply
COMOUT
C , -  22Q nF
C ,  -  47Q nF
T -  t r i m  c o n t ro l  
Rg -  470Kf2
R -  4.7Kfi 
B rid g e  w ith  o p e r a t io n a l  a m p l i f i e r
F ig u re  A .1 .1 .
The oonponent v a lu e s  shewn a r e  t y p i c a l  o f  th o s e  u se d  w i th  a  p -  ty p e  
s i l i c o n  gauge o f  u n s t r a in e d  r e s i s t a n c e  3502 a t  room t e r p e r a t u r e  and 
gauge f a c t o r  120. R e s i s to r s  R^, and R. w ere p r e c i s i o n  r e s i s t o r s  
(40.1%) . The o f f s e t  t r i m  c o n t ro l  t ,  o f  th e  o p e r a t io n a l  a m p l i f i e r  
(eg 741) ,  was a d ju s te d  so  t h a t  th e  o u tp u t o f  th e  a m p l i f i e r  was 
z e ro  v^en  th e  b r id g e  was b a la n c e d .
A m p lif ic a t io n s  from  10 t o  200 w ere u sed  an d , f o r  an  a p p l ie d  s t r a i n  
o f  o n ly  lOy s t r a i n ,  t h i s  m eant t h a t  an  o u tp u t V o f  a b o u t 450mV 
c o u ld  b e  a t t a i n e d .  °
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S .G.A. 1 0 0 .P in  co n n e c tio n s
+V+ B rid g e  V o lta g e
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